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Abstract

The current energy transition is a key driver for the continuous development of fuel cells and
electrolyzers due to the rapid growth of the clean energy demand and the need to overcome
the intermittency of th@ower supply of renewable energy sources, such as wind and solar
energy. In this regard, solid oxide cells (SOC) are promising systems that allow to overcome
such fluctuations: they convert renewable electrical energy into chemical energy in the form
of hydrogen and valuable fuels and chemicals, while they can also repower the grid by
converting fuels and hydrogen into electrical power. This feature in reversibility has attracted
the interest among Pow&r-X technologies, which can be exploited by op&@isOCs in

fuel cell (SOFC), electrolysis (SOEL) and reversible (rSOC) mddegertheless, SO£are

not yet a mature technology due to limitations on the performance of their electrolyte and
electrodes. Typical fuel electrodes made ofblsed cermets ara contact not only with
hydrogen, but also with reactants such as natural gas, biogas, steam and carbon dioxide,
leading to important operation issues related to high temperatures and poisoning tolerance

which significantly detriment the performancetioése systems.

Due to the urgent need for the development of sustainable SOC systems in clean energy
scenariosthis thesisaims to covethe Ni cermetsssueselated to SOCs operation, such as
nickel agglomeration nickel migration, structural cell damagand carbon deposition.
Therefore with the motivation to propose alternative fuel electrode materials to theoftate
theart Ni cermets, formulationf perovskite chromie-based fuel electrodes were

investigatedn different SOC operating conditions.

Firstly, dfferent perovskite compositions were investigated<bgay diffraction (XRD) to
ensure the desired phasé/ith these crystal structure characterizations, the lanthanum
chromite perovskite with Ni doping (LSCrN) was selected as candidate éotioele material

with the compositionsLao.7Sr.3Cro.sdNio.150s.u (L70SCrN) and LaesSro.3Cro.83Ni0.1503-
(L65SCrN). These materialgere synthetized by the glyckmtrate combustion methahd
ceramic powder morphology was characterized by scanningge@iemicroscopy (SEMMAN
experimental protocol for the cell manufacturing process was designed and the electrolyte
supporteecells (ESCs) were produced by scrgeimting, drying and sintering processes.
ESCs were tested in different operating SOC mofied: cell (SOFC), steam electrolysis

(SOEL), steam and carbon dioxide-@ectrolysis (ceSOEL), as well as in reversible mode
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(rSOC) andeven in dry carbon dioxide electrolysis operatidém. situ electrochemical
characterizations were performed by evahg the voltagei current response and the
electrochemical impedance spectroscopy (EIS). In parallel, the exsolution of nickel particles
from the produced LSCrN ceramic powders was investigated by means of temperature
programmed reduction (TPR);pay spetroscopy (XPS) and XRD techniques. It was shown
that the introduction of Aite deficiency promoted the reduction of metallic nickel particles

on the perovskite surface. The particle distribution was found to be dependent on the
temperature, the atmospkeand the overpotential. In <®OEL operation, cells with the
developed L65SCrN electrode showed a comparable performance to the ones wiifi state
the-art Ni cermets, e.d. 0.8 ATn? at 1.32 V and 860 °C.

The longterm stability(~ 1000 hours) suggestehat under strongly reducing atmospheres,
such as in SOEL at 860 °C, the L65SCrN electrode suffered from accelerated performance
degradation due to an alteration of the transport properties. Nonetheless, it was found that a
decrease in operating tempeirat (below 830 °C) could be a suitable strategy to mitigate this
durability issue. These findings are related to a gain in performance of the perovskite
electrodes against tlstateof-the-art Ni electrodes at temperatures between 770 °C and 830
°C, possily due to lower reactioenergy barries. These outcomes were used as basis for a
scaleup analysis from the cell level up to the system level, i.e. up to the MW scale, by
analyzing a real case application of SOBdsed systems for hydrogen production.sThi
analysis suggested that the implementation of perovskite electrodes in SOEL systems,
together with a decrease of the system operating temperature, would lead to a significant
reduction of the number of cells in the stacks and hence of the system componen
simplifying the system layout. Additionally, the required amount of Ni raw material would
also be significantly decreased, which would mitigate future supply chain issues that the
mineral market may experience in the upcoming years. This study pavesyifor future
alternative electrode development for SOC applications while suggesting potential benefits at

the system scale.



Zusammenfassung

Die derzeitige Energiewende ist aufgrund des raschen Anstiegs der Nachfrage nach sauberer
Energie und der Nwendigkeit, die Schwankungen der Stromversorgung aus erneuerbaren
Energiequellen wie Windund Sonnenenergie zu tberwinden, ein wichtiger Motor fur die
kontinuierliche Entwicklung von Brennstoffzellen und Elektrolyseuren. In dieser Hinsicht
sind Festoxidellen (SOC) vielversprechende Systeme, die es ermdglichen solche
Schwankungen zu Uberwinden: Sie wandeln erneuerbare elektrische Emerigégmische
Energie in Form von Wasserstoff od&ynthesegasgWasserstoff zusammen mit
Kohlenmonoxid) um, didusgangstoffe flr die Herstellung von Brennstoffen sowie
Chemikaliensind Gleichzeitig konnen sie das Netz durch die Umwandlung von Brennstoffen
und Wasserstoff in elektrische Energie wieder mit Strom versorgen. Diese Eigenschaft der
Reversibilitat hat das Intessdr die Anwendung als P2Xechnolgie geweckt, wobei SOCs

im Brennstoffzellen (SOFC), Elektrolyse(SOEL) und reversiblen (rSOQYlodi genutzt
werden kénnenDennoch sind SOCs bisher noch keine ausgereifte Technologie, da die
Leistungsfahigkeit ihrer Elektrolyte und Elektroden begrenzt ist. Typische
Brenrgaslektroden audNi-Cermets kommen nicht nur mit Wasserstoff, sondern auch mit
Reaktanten wie Erdgas, Wasserdampf und Kohlendioxid in Kontakt. Dies fuhrt zu
erheblichen Problemen beim Betrieb im Zusanhang mit hohen Temperaturen und

Vergiftungstoleranzen, was die Leistung dieser Systeme erheblich beeintrachtigt.

Aufgrund des dringenden Bedarfs an der Entwicklung nachhaltigerSGteme in sauberen
Energieszenarienzielt diese Dissertation darauf abe Probleme von NCermets im
Zusammenhang mit dem Betrieb von SOCs zu behandeln, wie z. B. Nickelagglomeration,
Nickelmigration, strukturelle Zellschaden und Kohlenstoffablagerungen. Mit dem Ziel
alternative Brengalektrodenmaterialien zu den hochmiogn NiCermets vorzuschlagen
wurden daher Zusammensetzungen von Byasalektroden auf Perowski@ZhromitBasis in

verschiedenen SQOBetriebsbedingungen untersucht.

Zunéachst wurden verschiedene PerowZkisammensetzungen mittels Réntgenbeugung
(XRD) untersucht, um die gewilnschte Phase sicherzustellen. Anhand dieser
Kristallstrukturcharakterisierungen wurde der Lant@momitPerowskit mit NiDotierung
(LSCrN) mit den Zusammensetzungehao7Sto.3Cro.sNio.15035 (L70SCrN) und

Lao.65510.3Cro.ssNio.1503-a (L65SCrN) als BrennstoffElektrodenmaterial ausgewahlt. Diese
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Materialien wurden durch die GlyeiNitrat-Verbrennungsmethode synthetisiert und die
Morphologie des Keramikpulvers wurde durch Rasterelektronenmikroskopie (REM)
charakterisiert. Ein Versuchspo&oll fir den Zellherstellungsprozess wurde entworfen und
die Elektrolyt-gestitzten Zellen(ESCs) wurden durch SiebdruckTrocknungs und
Sinterungsprozesse hergestellt. Die ESCs wurden in verschiedenemBed@bsmodi
getestet: SOFC, (SOEL, Dampind KohlendioxidKo-elektrolyse (keSOEL) sowie im
rSOC und sogar im TrockenelektrolyBetrieb mit Kohlendioxid. Irsitu elektrochemische
Charakterisierungen wurden durch Auswertung des Spami8trgsnverhaltens und der
elektrochemischen ImpedanzspektroskofEIS) durchgefihrt. Parallel dazu wurde die
Herausloésung von Nickelpartikeln aus den hergestellten LS@dmikpulvern mittels
Temperaturprogrammierter Reduktion (TPR), Rontgenspektroskopie (XPS) und XRD
Techniken untersucht. Es zeigte sich, dass diéliBrungvon A-Leerstellendie Reduktion

von metallischen Nickelpartikeln auf der PerowsRBlterflache fordert.Dabei wurde
festgestellt, dass die Partikelverteilung von der Temperatur, der Atmosphare und der
Uberspannung abhangig ist. Bei nominaler Bbgsiemperatur (~ 860 °C) war die
elektrochemische Leistung der entwickelten L65SEitskiroden vergleichbar mit den
modernen NiCermet Elektroden, d.i.0.8 ATn? bei 1.32 V.

Die Langzeitstabilitat (~ 1000 Stunden) deutet darauf hin, dass die L65S5€kNMode unter

stark reduzierenden Atmospharen, wie z. B. in SOEL bei 860 °C, unter einer beschleunigten
Leistungsverschlechterung aufgrund einer Veranderungrdasporteigenschaften leidé&ts

wurde jedoch festgestellt, dass eine Senkung der Betriebstemperatur (unter 830 °C) eine
geeignete Strategie sein kdonnte, um dieses Problerhetemsdaueabzumildern. Diese
Ergebnisse stehen im Zusammenhang mit einestlwaysgewinn der PerowsHlektroden
gegenuber den modernenElektroden bei Temperaturen zwischen 770 °C und 830 °C. Dies

ist mdglicherweise auf niedrigere Reaktionsenergiebarrieren zurtickzufiihren. Diese
Erkenntnisse wurden als Grundlage fur eine Supl@nalyse von der Zellebene bis zur
Systemebene, d. h. bis zum MMAaRstab, verwendet, indem ein realer Anwendungsfall von
SOEL-basierten Systemen fir die Wasserstofferzeugung analysiert wurde. Diese Analyse
ergab, dass der Einsatz von Perowslt@éktrodenin SOEL-Systemenzusammen mit einer
Senkung der Betriebstemperatur des Systemsiner erheblichen Verringerung der Anzahl

der Zellen in den Stacks und damit der Systemkomponenten fiihren wirde. Dartber hinaus

wurde auch die bendtigte Menge anRbhstdf deutlich sinken, was kinftige Probleme in
Xl



der Versorgungskette, mit denen der Mineralienmarkt in den kommenden Jahren konfrontiert
sein konnte, entscharfen wirde. Diese Dissertation ebnet den Weg fir die kunftige
Entwicklung alternativer Elektroden fBBOGAnwendungen und weist gleichzeitig auf

potenzielle Vorteile im Systemmal3stab hin.
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1 Introduction

The Intergovernmental panel on climate change (IPCC) reportecetinagdithe years1880
and 2012he global average surface temperature has increased 0.8&1tiiGoday human
and natural systas have been significantly alteradth extreme weather phenomena, such
asdroughts, floodsindsea level riseas well asvith biodiversity loss. All in all, these changes
are producingunprecedent risks for human populatiofibe increase of fossiluel-based
materials consumption and the dynamic changifegtylesare major drives of therising of
greenhouse gases emissidfg: instancethe global carbon dioxid€CO») concentration has
risensinceyear2000 for abouR0 ppm per decad&hichis up to10 times faster than any
rise in CQ during the past 800.000 yedts.

Thesecondarenergy sectoi.e. electricity and heat generation as well as petroleum products
and synthetic fuel productiof2], represents threguarters of the current greeniseugas
emissions and holds the key tooal devastatingeffects m climate changeThis great
challenge that human kind is facjnig consistent with theignificant reduction ofCO
emissions to net zero by 2050. With thikge longterm increase in thevarage global
temperature to 1.5 °C could be limitaghich will requirea completetransformation of the
energy sector in terms of how we produce, transport and consume Ejeiligyaddress this
problem,a considerable deployment of clean and efficient energy technologies is required.
Scaleup of solar and wind energy source®uld definitely contribute to the solutidB].
However they are locatiorspecific and intermittenéenergy sourcesand for this reason,
energy storage is a vital aspect for the supply and demand in future renewablg energ
scenario$4]. For instance, seasonal storage would be redeyant ifthe set oenergy storage

technologiesvould be broadeand thereforevould support the stability of power grid3].

In vision of this and the Paris Agreement, the European Union launched the Hydrogen
Strategy for a climataeutral Europe in July 2020, with the main purpose to efficiently use
hydrogen as energy carrier for power generation and energy storage, as well as on plenty of
applications in the industry, transport, mobility and building sed&jr§6] [7]. Also, other
countries such as Chil8] and Colombid9] havepublished their hydrogen roadmap2020

and 2021respectively.



A key aspect othe greerhydrogen production via water electrolysghatdisregarding the
electrolysis technologythe required inpubf electricity derives fromlow CO, (renewablg
sourced10], making itessential to reach the carbon neutrality by 280Hydrogen plays
a vital role in the energy transition since it serves as emangierallowing renewable energy
to be stored in a flexible wawhile supporting the balance in energy supply and derfiiid
In the frame ofturrentenergy transitionfuel cells and electrolyzei@e gaining significant
interest due to their potential to generate power and also toedamticalenergyin the form

of valuable chemicalgia electrolysis operation

Fuel cellsfor instanceare devices that convert chemical energy stored in fuels into electrical
energy viaredox reactions. An analogy with continuous stirring chemical reactors could be
applied for fuel cells, because they will continue to yield a product (in this case electricity) as
long as the raw material (fuel) is continuously supplied. This is the méanetite between

fuel cells and batteries, since the fuel cell is not consumed when electricity is prétiliced

A fuel cell consis$ of two electrodeghat are spatially separated by an electrolyiedr
underlying operation principle can be explained with the following gteljsassketched in

Figurel:

1. Flow of reactantgfuel and air) into the fuel cethroughthe two porous etd#rodes
which are isolated and spatially separated by the electrolyte.

2. Electrochemical reactions

3. lonic conduction (cations or anions) through the electrdlysdectronic conduction
through an external circuit

4. Products removal from the fuel cell (exhifrem each electrode compartment)

Fuel in —— p—— Air/oxygen in

4

Porous fuel electrode Electrolyte Porous oxygen electrode

Figurel Electrochemical cell operating in power generation mode: (1) reactants transport, (2) electrochemical

reactioninterfaces, (3) ionic and electronic conduction and (4) products renAaegbted from{11].
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Based on the same fundamental principles, there are diftgpes of electrochemical cells, depending on the

type of fuel, materials components and operating temperature. Among them, there are five main types which
are classified by the nat hasghoriodcid fudh eell (PAFEYolgncet r o | y t
electrolyte membrane fuel cell (PEMEGKaline fuel cell (AFQ, molten carbonate fuel cell (MCF@nd

solid oxide fuel cell (SOFC]11]. In this regardthe polymer electrolyteand the alkalindased cells, as well

as the solid oxide cells (SOC) aezhnologies that currently are gaining more attention due to the pagsibili

to alsooperate in electrolysis modes. Their broad range of operating temperatures start§@rdGy(for the

alkaline systemsand from 80 °C up to ~ 200 °Gr the polymetbasedand jumpingo 600 up to 900 °C for
SOC|[11]. For the electrolysis operation, PEMEL stands for polymer electrolyte membrane electrolysis cells
and AEL for alkaline electrolysis cells. For the case of SOFC another more general convention is used as solid
oxide cells SOC, meaning that when these cells operate in electrolysis mode they are mostly known as SOEC,
solid oxide electrolysis cells. Howeverjstimportant to note that SOC have the unique feature to operate in
both modes with the same material configurations. For this reversibility in operation between fuel cell and
electrolysis modes, these cells are mostly known as iS@ersible solid oxle cells.

In the frame of the energy transition and the importance of overcoming the peaks of energy
demand with sustainable technologie! cells and electrolyzepday a very important role

due to theiravailability to generate power arid store engy in the form of valuable
chemicalsin this sense hieconcept of Poweto-X (P2X)technologie&ntails the conversion

of renewable electrical energy in the form of fuetglchemicald12]. Also, terms known as
Powerto-gasand Poweito-heat are part of these technologswerto-chemicals is related

to the productiomf relevant rawmaterials for important industrial processas;h asarbon
monoxide formate/formic acid, ethylena methano[13] [14]. Powekto-fuel or also Power
to-liquid refer to the production of synthetic fuels, such as aircraft and freight fuels, by using
carbon dioxide captured from the atmosphere or from industrial processes, such as steel and
cement poduction, as well as industrial waste from coal power plamsng the electrolysis
technologies, solid oxide electrolysis (SIQEbenefit from kinetic and thermodynamic
efficiencies by convertingteam into hydrogen at high temperatures typically betweénC

and 900°C, in comparison to the low temperature technolagiel asAEL andPEMEL (<

200°C) [15]. Beyond electrolysis operatiomnportance should be giveaso to the co-
electrolysis of HO and CQat high temperature in orderpooduce syngas @+ CO), which

is considered key feedstockhat can be used as raw material for the Fis@inepsch (FT)
process for liquid fuels productidd4] [16]. Due to the hydrocarbench mixtures thaare

present inreactars and produc streamsin SOCs substantial efforts orResearch &



Development (R&Dpre being made with the main purpose to improve the performance and

availability of these systems on the letegmfor plenty of P2X applications

A primary concern of th&®&D in SOC is the fuel electrode performartiee to thevariety

of fuel and exhaust gasédi-based fuel electrodes have been widely studied and implemented
at industrial scales due to the good catalytic actieitySOC operationmaking them crucial

for the performance, efficiency and durability of the SkESed systemblowever,SOC fuel
electrodes are pron® irreversible microstructural alterations in atmospheres oscillating
between reducing and oxidizing conditid&g], and alssusceptible tsulfur poisoningand
carbon depositiofil8, 19][20]. Other poisoning mechanisms that not only involve the fuel

electrodebut also the oxygen electrode are chromia and silicgopoig[21].

This thesis focuses on the development and evaluatiorpefowskite chromitdased fuel
electrode for SOCas alternative to replace the dermet fuel electrodes on different SOC
operating modesThe stability in dual atmospheres (i.e. oxidative and reducivgs
evaluated, as well as longterm experiments. The electrochemical performance was
compared tahe stateof-the-art fuel electrdes for which comparable results were achieved.
Among the first chapters of this thesis (Chapter$), the fundamentals, the motivation and
scientific approach, the materials and methods and the characterization techniques
implemented are detailed aexlplainedin Chapter 6 a general discussion about the scientific
contextof SOCsand the role of perovskite fuel electrodes is thoroughly discussed, in which
advantages, disadvantages and key aspedtgfberup-scaling of are addresses closure,

the key results and the conclusions of this thesis are summarized in Chapter 7, followed by

Chapter 8 with the perspectives and folleup research activities.



2 Fundamentals

In this chapter, theundamentals of thermodynamics in high temperature fuetkeudrolysis
cells are explained. Theoretical conceagtshe electrode kinetics, as well adescriptionof
the different types oSOC architectures and typically used materials are plesented
Figures of merit that relate théhermodynamicpropertes with the electrochemical

performancesf these high temperature cells are also detailed.

2.1 High temperature dectrochemical cells

The following sketch explains these two

generation) and oglagast) rdelpfrscid@ dedamer gy st

e ®© © 292 0 00 0 & o

Gas channel i Porous Electl‘olyte§ Porous : Gas channel

fuel oxygen
electrode electrode

b)
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0
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fuel oxygen

electrode electrode

Figure2 a) Fuel cell mode SOFC (power generatidm)Electrolyzer cell SOEC ielectrolysis mod&OHR

(energy storage).

In SOFC operation, porous fueketrodes host the electrochemical oxidation of fuels, such
as H, depleting oxygen anions?Oand providing a significant concentration gradient of
oxygen. This gradient is the driving force (or chemical potential) that is converted to electric
potential © drive the electron flow from the fuel electrode to the oxygen electrode via an

external circui{22], as shown ifrigure2a.



On the contrary in SOEL operation, the porous fuel electrods tiestvater (steam) and/or
CO: splitting reactiondby electrolyzing these gases w(tienewable) @ctrical energy, with

the aim to yieldH2 and/or CO,providing an oxygen gradient concentratjoleading to
transport ofO* anions from the fuel electrode through the electrolyte towards the oxygen
electrode [Figure2b). Oxygenelectrodes are responsible for the electrochemical reduction of
Oz to O%, whicharetransported through the electrolytetween the electrod@sboth SOFC

and SOEL operating mod§&?].

In the following section, the thermodynamic and kinetics theories applied to the various SOC

operating modes are explained anddssed.

2.2 Thermodynamics

The performance of an electrochemical cell is mainly described by thermodynamic and
electrochemistry principles. The kinetics of redox reactienwell asthe mass and energy
transport phenomena within these cells determine éxéent of operation and applications.
These aspects are strongly influenced by operating parameters such as the pressure,
temperature and gas compositi¢23]. By takingan electrochemical cedls a control volume,
theenthalpies of the reactardseequivalent to the sum of the enthalpies of the products, the
netgenerated or consuméeat(including heat losses from the surroundings), as weheas

DC power inpufoutput[23].

2.3 Nernst potential on electrochemical cells
From a thermodynamic perspective, the maximum electrical work output is related tothe free
energy change @ halfcell reactionat a constant temperature and presstine free energy

change ofuchreaction is indicated bgquation(1) [23]:

30 a0 1)
Wherea'Ois the change in the free enem@ya given temperature and presg@aeo known
as the chemical potential) the number of moles of electrons involved in the reactidn,
the ided cell potential andct he F ar a d a[33p The Neonst £quatiagives the
relationship between the idesll potentialat standard conditior@and the ideal equilibrium

cell potental O at different temperatures and presearFor a system with an arbitrary

number of reactants and products, the Nernst equ@jdakes the following form:
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Where theR is the universal gas constamtthe cell temperaturanddthe activity of each
specieswith their corresponding stoichiometric coefficiant[11]. On an electrochemical

cell, the Nernst equation describes the electrode potentéhkthandifference between both

el ectrodesd potential, when no electric ct

voltage ( ) oropen circuit voltage OCV

2.4 High temperature fuel cells

In fuel cell operatiorthe following halfreactiors in equation$3) and(4) are considered

00 @ QO ADE QP 'O0 ¢Q 3
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Due to the high operating temperatudiicts and products are gaseous specidsnay be
considered as ideal gaséheir activity coefficients arethus equivalent to their partial

pressures, turning Nernst equatfonthe SOFCaseas

, a'd Y’ Y I'] (5)
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2.5 High temperature steam electrolysiscells
In SOEL operation the Nernst equation may be applied with the corresponding Ipartia
pressures, but having in mind the sign of the equation terms, since electrolysis operation
implies input of electrical energylhe fuel and oxygerelectrodescorresponding half

reactions ar@escribedy equationg6) and(7) respectively
00 @i QO afDE QM P O ©)
0 6 6 "CE QG £POQ %u 0 ™
In this case they Is given byequation(8) [24]:
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For electrolysis operatiorf"OF‘ is also considered as the minimum electric energy guppl
required for the wateglectrolysis reaction, which is related to the changeastionenthalpy

yoh andreactionentropya"YF‘ at a given temperatuf¥and total pressure [23] [25] [26]:

yot'  yoh rgyh ©)
The relation between these thermodynamic parameters in a broad range of temperature is

shown inFigure3 for thesteam electrolysiseaction This plot shows that the electric demand

yO" decreases while the heat energy deman#™) increaseswith temperature

increment25].
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Figure 3 Thermodynamigropertiesand corresponding voltagéar water electrolysis aa function of the
temperatureAdaptedfrom [27].

Other importantell voltagescan be calculated from these relations: the thermonexgHal

voltagew and the reversibleell potentialc [27], as shown in equatior($0) and(11):

< R
o YO (10)
&0
e
o YO (11)
a0

Wherew corresponds to the required voltage for adiabatically operation, where no heat is
lost or added to theell.  corresponds to the minimum cell voltage required for a reversible
process when heat is provided by the surroundigjs For SOEL for instance at 860 °@nd

atmospheric pressums in equatior(12), the ethalpy of reactioY’O Ih is 249



kJ/mol. So by applyinghis value inequation(10), the thermoneutral voltag®r steam
electrolysisis 1.29 V[28].

. . QU
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At the typicalSOEL operating temperature®, remainsrelativelyconstantOnly belowthe

boiling point of water wouldesult insignificantly different valued27], as shown with the
blue-area inFigure 3. At the thermoneutral voltagthe cell can be operated at thermal
equilibrium with an electrical efficiency of 100%. Tlke operation below this voltage
corresponds to an endothermic regime where the electric energy is lower than the enthalpy of
reaction and the heat must be supplied. Above the thermoneutral voltage, exothermic mode
is achieved, where electrical efficiencieslow 100% are obtaing@5]. The electrolysis
electrical efficiency is defined as the thermoneut@tage divided by themeasurectcell

voltagew [27]:

S (13
W
The applied cell voltage required fawater electrolysisis not only a function of
thermodynamic parameters, but also of additiavarpotentialghat are related to different

losses withn the cel] that could alsoféect the cell performand@7].

2.6 High temperature CO: electrolysiscells

Besides the electrochemical reactions that take place within a SOC in operation, important
factors such as parallel thermodynamic reactions should b&de®mud Due to the fuel
flexibility on both SOFC and&SOHB. operation, specifically with hydrocarbdrased fuels,
carbonaceous species could lead to the formation of solid clusters of carbon within the fuel
electrodesin SOECs, carbon dioxide could also &ectrolyzed to produce oxygen and
carbon monoxide, which is an important raw material dowide range of industrial
applicatiors, e.g.,for theproduction of commodity and specialthemicalgd29]. The oxygen
electrode halreaction is the same as for steam electrolyais shown in equatiofl5). On

the fuel electrode, the carbon dioxide electrolysis takes pladesasibed by equatiofi4)

[29]:

06 @ Q& apiE K@ P 60 U (14)
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Hence, in this case the Nernst equatioasi$ollow(16):

o 3'd Y'Y f] n 7 (16)
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Similady to water electrolysis, thevolution of the thermodynamic properti&s a function

of temperaturas depicted for C@electrolysis inFigure 4. This plotalso showshow the

electric demanddecreasesas the heat energy demandcreases while increasing the

temperature For instance, at 860C° the enthalpy of reaction foCO, electrolysis
S”’O,v1 IR is ~ 283 kd/molequation(17)), which does not change significantly in the

broadrangeof temperatures
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From equation(10) the thermoneutral voltages calculated as ~ 1.47 V, which can also be

observeds the?’0 " data inFigure4 (right axis).
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Figure 4 Thermodynamics and corresponding voltages of t@edl=ctrolysisreaction as a function of the
temperatureAdapted fron{29].
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2.7 High temperature H20 - CO2 co-electrolysiscells

In regard toH20 and CQ co-electrolysis operatioat high temperatureboth endothermic
reactions equationg6) and(14) take place simultaneouséy the fuel éectrode resulting in
equation(18) .

00 66 ©0 60 © (19

Furthermorethis electrochemical reduction reactianlinked to the reverse wategas shift
reactions RWGS)shown in equatiof19), which is also endothermi@8]. The production

of oxygen takes placat the oxygerelectrodd26], asdepicted in equatio(R0).

Yo'ao 86 © 00 5 Vo P ornw, 9
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The estimation of the Nernst voltafgegr H>O and CQ co-electrolysisfrom the products and
reactants at the fuel electrode results difficbithe gas composition is not at equilibrium,
given the infuence otheRWGS- WGS reactiondDue to the presence of the RWGS reaction
on the fuel electrode, it is still not completely clear if this reaction contributes to the CO
production[26]. However, Stempien et al. reported thatdhection of this reaction depends
mainly on the temperatuad the steam and carbon dioxide mixture: below 827 °C the water
gas shift reaction (WGS) will take place, favoring the production of hydrogen and carbon
dioxide [30]. Additionally, the authors ab calculatedan equilibrium potential for high
temperaturéH.O and CQ co-electrolysis by combining the Nernst equations for betiO
electrolysisand CQ electrolysis reactions as a function of the coverage of each sp8ties
Theauthors assumed an adsorptoracess that follows tHeangmuirisotherm,in which the

number ofactivesites available for adsorption on the fuel electrode is req[8idd

Due to the lack of data about such constants in lanthatuamites with doping of nickel on

the B-site, this approach was not considered in this thB&gertheless, the Nernst voltage
could also be caldated as a function of the oxygen species. Such voltage is simplified
because operatingarameters suds temperature, pressure and species do not vary, i.e. there
is no chemical potential difference’®* 1. Hencethe Nernst voltage could be calated

with the partial pressure of oxygen on both sides of theasB1]:

11
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In this thesis, the¢hermodynamidool and databas€anterg32] was used to calculate the
values ofthe thermodynamigropertiesn equilibrium (G, H andS) of the gases in the fuel
electrode and oxygen electredelependingon a specificfuel gas mixture as well as
including the air At equilibrium, he gas compositions and thus the partial pressures were
also calculated for both electrodesom those radts, the oxygen partial pressures at the fuel

and oxygen electrodes were taken at a specific temperature and absolute pressure, which
allowed to calculatehe Nernst voltage for celectrolysis operatignas in equatiorn(21).
Important to note is that for this Nernst calculation, the number of eleacmmeesponds to

4 instead of 2, as equati¢20). This is explained by combining the electrolysis reactions on

the fuel electrod€6) and(14) with the reaction on the oxygen electrd@é).

This approach was also corroborated by calculating the Nernst voltage for each electrolysis

reaction separately by 3 ways:

0] with the Nernstvoltagefor sseam electrolysis reaction eguation(8),
(i) for carbon dioxide electrolysis reaction in equaii®® and

(i)  with the oxygen production in equati¢2il).

These3 equations resulteth the same values for the Nernst voltage irelaxtrolysis

operation which is expected from Hess law

In general, the thermoneutral voltage assumes that the gases are in thermodynamic
equilibrium. The relation of the thermodynarpioperties in ceelectrolysis operation can be
also observed in a wide range of temperature as shawgure5. In this thesis, the enthalpy

values used for this calculation were also calculated from CdB®&ra

Similarly, to the other electrolysi®peratingmodes, the thermoneutral vadfe can be
calculated by applying equati@¢hO) as following:
y"() F] 'O ﬁ 'O Fl T[& G 'O Fl "O Fl "O Fl (22)
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Figure5 Thermodynamigropertiesof H,O andCO; co-electrolysis reaction as a function of the
temperatureAdapted from28].
However, an important challenge duriogelectrolysis operation is to avoid the risk given
by carbon deposition in the fuel electrode via the Boudouard equilibbeéaction in equation
(23):

vt e e o L s s o S < QU
8¢ 6Q¢ kdUPQSO 6 h yo B PO . (29)

This reactioncould lead to the formation of carbosometimes in the form efanotubes or
whiskers on the Ni surfaceausing fatal failure of the SOC. @levolution of thaeaction
towards satl carbonis favored at lower temperatures and is catalyzed by metallic nickel.
Owing the fast reaction rates of reforming reactions, it is possible to assume that the carbon
formation regime is governed by the thermodynamic equilibrium of the@mixtures as a
function of the composition, pressure and temperaf@8}, as shown in the ternary
equilibrium diagram of €H-O mixtures Figure6). Hence, careful selection of the operating

conditions is essential to avaiperandocarbon depositioon the fuel electrod§8].
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Figure6 C-H-O ternary diagram with equilibrium compositions. Temperature profiles were adaptg@3jom

Beyond thermodynamic properties, the cell performasaovernedy the kineticsof the
electrochemical reactions that take place within the electroddsch are typically
represeted as voltage losses. These concepts are explained in the next section, starting with

the currentvoltagei-V characteristic theoretical concepts.

2.8 Kinetics

2.8.1 Current-voltage (-V) characteristics
The performance of an electrochemical cell can be evalwateé the currenvoltage (-V)

characteristics curvéFigure 7). Typically, these curves are plotted in terms of the current
densityat a given voltag¢l1l]. Ideally, an electrochemical cell would supply/consume a
constant amount of current while maintaining a constant voltage defined by thermodynamics.
However, he more current is suppliensumed by the celthe greater these lossd@he

three main type of losses dfe]:

9 Activation losses- : due to the electrochemical reaction kinetics on the fuel

electrode and oxygen electrode.
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1 Ohmic losses—
transpaot in the electrode<urrent collectiorand interfacial resistances.

M Concentration losses

: due to ionic conduction on the electrolytectronic

. due to the mass transport limitations.

Theselosses are commonly referred as overpotentiaéad the sign should be adjusted as a

function of theoperating mode. If the cell voltage BOFC mode is calculated, then the

overpotentials should be subtracted frtha ideal thermodynamic voltag®CV) and if the
cell is operating i8OEQC the overpotentials should be summed to the QC&d\Wescribed in

equation(24):

SOEC or co-SOEC modes
Electrolysis

w W

SOFC mode

Power generation

Mass
transport
region

+ Neonc

N\

Ohmic region

Hohmic

+

Activation
region

Nact

Cell voltage / V

OCV ~

e

eV

Ohmic region

Mass
transport
region

4=

~ TNact

~Hohmic

(24)

Current density / A-cm

l

Figure7 Currentvoltage {-V) characteristics curve for SOFC and SOEC operating modes. The cell voltage is

depicted, as wels the differenpredominance regions of tlegerpotentialsAdapted from [11].

In a first approximation, the cell voltaged e s cr i bed

the total area specific resistange’Y'Y

equation(25):

Furthermoretheo Y'Y

w

W

by

Oh mo s

aw as

(Y T &rand the current density;, as stated in

0 Y'Y

Z 0

(29

is also a function of the different overpotentials on the wlich

can be expressed in terms of twresponding “YTr each overpotentiahsdescribed by

equationg26) and(27):
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These losses could be further deconvoluted in terms of the different electrodes and interfaces
on the cell, as shown in equati@8). For instance, the activation area speciésistance

0 "Y can be deconvoluted as a function of the fuel and oxygen electraniéYas ard

0 "Y respectively. The ohmic losses’Y could be written in terms of the area specific
resistance of the electragy0 "Y and the current collection interfacés™Y , and he
concentration loss contribution is related to the area specific resistance of the gas diffusion

and transport limitationg) Y
0°"Y 0°"Y o"YY 0°Y 0°7Y 0"Y 29)

Well-designed cells typicallgive an 6 Y'Y between 0.05 and 0X T & rfor which the
0"Y term mostly accountsfor the electrolyte esistance and thickness. In case the
electrolyte thickness cannot elucedthe ohmic term could be decreased with highly ionic
conductorg34].

2.8.2 Kinetic/activation overpotential
Theproducedconsumedcturrenti that corresponds to tfnountof electronsnvolved in the

electrochemical reactioper unit of time, depends on the reaction ratich is a relevant
parameter for the cell performan¢85]. FromF a r a d a yhécsirreht aaw he expressed as
equation(29) [35]:

0 iy (29)
WhereQ is the charge (i) andt is time. Assuming that each electrochemical reaction is the
transer ofz electrons, theequation(29) can be written ag35]:
Q0
o - (30)
Q0D
WheredN/dtis the rate of electrochemical reaction rate (mol/s) Rrwbrresponds to the
Faradayo6s const [85)tElecroghemichl8réactidhé deal Iwith the charge

transferbetween an electronic conductor anchemicalspecie. In SOCs the electrode has

to be porous to elhde the gaseous chemical species to be in contact with the electronic

16



conductor and the electroly{85]. Currentdensity allows to measure the electrochemical
reaction rate per interface are@ATtni?) asthe normalized value of the current by unit area

basis,.e. by the active cell areé, as shown in equatidi31):

0 TQ (31
(0]

ps 0 0 (32)

0 Qo6 06a0a™O
The areanormalized reaction rate (mol/cn?B) in terms of the current density could be
expressed as iequation(32). However, he produceftonsumedcurrentis also limited.
Electrochemical reaction rates are finite because an energy barrier (also called activation
energy barrier) impedes the conversion of reactants into prd@6¢tas illustrated inFigure
8, the reactants should overcomaill in order to be converted into producits which the
probability thatthe reactants can overcome such barrier determines the rate attéich

reaction takes plad&5].

Reactants L

AGrn
l Products

Reaction progress

Free energy

Figure8 An activation energy barrige"0) impedes the conversion of reactants to prodéalspted from
[35].

Hence, theproducedconsumedcurrernt by an electrochemical reaction is the variable of
outmost interest. Knowing that current densitgnd reaction rate are related byquation
(32) asJ=2zFr, thenthecurrentdensity in the forwat directionand reverse directiocould be
expressedespectively agquationg33) and(34) [35]:

z

b & Hm (33

0 ado T (34
Under thermodynamic equilibrium conditions, the forward and reverse cdegsities are

balancedd 0 0, whereu is also known as the reaction exchange current dd&ty
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In electrochemical reactions, chargg@ciesarepresent as either reactants or products, where
their free energy is a function of the cell voltalehe cell voltage is modified, the activation
energy barrier would be alsd/hen theactivationoverpotential-  is applied to the celthe
activation energy barrier of the forward reaction is favored by a factoroefO , while the
activation energy barrier of the reverse reaction is decreased by a fagtor pf & ©

[35]. Thecoefficient quantifies how to the change in electrical potential across the reaction
interface afécts the size of the forward versus reverse activation energy barriers, which for
mostelectrochemicateactiondies between 0.2 and 0[35]. Therefore,including the—
contribution to the current density expression for both forward and reverse reactions, the

respectively current densities could be writtei3&g:
O 0Q (39

VIR o e (39

Hence, the netcurrent 0 0 known as the ButleWolmer equation corresponds to:

L 0 Q Q (37)
This equation is considered as the cornerstone of electrochemical kinetics and it is used as the
starting point to describe the relation betweanrent and voltage irfuel cells and
electrolyzersThis equation predicts that tlexchange current density is proportional to the
electrochemical reaction rate at a given activation overpotential, either for the fuel electrode
or for the oxygerelectrode Meaning that such electrochemical reactions lead to voltage
losses that are represented-by .The ButlerVolmer equation can be simplified with two

approximationgor the two extrema of  [35]:

1 For small- (for — < ~15 mV)an expansion of a Taylor series of the exponential
terms can be applieak
., ., £O
O U
Ny
1 For large— (for — > ~50- 100 mV),the second exponential term of thetlBu

(39

Volmer equation is considered as negligiblben, the forward reaction dominates,

yielding an irreversible reaction procegsh — as:
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Where0 and| could be estimated by linear fitting ef versusd & or & € (Q

yielding the following expression known as Tafel equation, whésealled the Tafel
slope[35]:

— W ¢ 0 (40)
In order to improve the kinetigerformanceon an electrochemical cethe main parameter
to influence (and to increase) would be which is related to the rate of exchange between

reacants and products in their equilibrium stat&sree main forms to increase are

described as following (for the forward reacti¢dj]:

Increase the reactant concentraﬁbn

1
1 Decrease the activation energy barsid.
1 Increase the temperature T.

1 Increase the number of reaction sitedated to the increment of tlheaction surface

interface

However, here is important to mention the role tfvhich would alsabe affected by the
selectedcatalyst. The Butler-Volmer equation also predicts that the increment iwould
yield a higher current deity. Ergo,a catalyst with high values should b&argeted since

the cell performancevould significantly improvevith higher current densitid85].

Ideally, SOCS electrodes withighly porous3D structuresshould guarantee ctact sites
between(i) the gasphase (through the pore§)) the electrical conductivehaseand(iii) the

electrolyte [35]. These reaction sites are known as trjil@se zones or triplghase

boundaries (TPBs), which state that the electrochemical reaction could only occur where the

three following phases are in contact: electrolygeticles gas and electricagllconnected
catalyst(for the case of the cermbased electrodgsWith perovskite electrodes, typically
mixed ionic and electronic conductors (MIE&ZE used, in which the electrochemical reaction
takes placat thedoublephase boundaries (DBBbetweergas particles and mixed ionic and
electronic conductive particle&.sketch for the TPBandDPBsis shown inFigure9, where

a cermetfuel electrodeand a MIECbased fuel electrodare depictedConcerning the
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materialsselection(both on the fuel and oxygen electregaelevant characteristics should
be considere{B5] [36]:

Dual atmospherwlerant(oxidative andeducing)
High porosity

High catalytic activity (highb)

High electrical conductivity

Good mechanical strength

= =/ =4 A -4 -2

Good manufacturability

MIEC-based fuel electrode

a) Cermet-based fuel electrode b)

Electronic current collector

Gas pores
@ TPBs
=== DPBs

Electronic current collector
\

\
nl ' <]
. ) ="Tonic
-, Tonic conductor
Tonic \ conductor
conductor 401! )
=, 2~ T condud

Electrolyte / Ionic conductor

Electrolyte / Ionic conductor

Figure9 Simplified sketctor the TPBsandDPBson (a)a cermethaseduel electrode an¢b) a MIEC-based

fuel electrode

Beyond 1D interactios, the cataltic thicknesswithin the electrodes also another relevant
parameter. Typically, the thickness of mokthe activecatalyst layer isomprised between

~10 and 50 umOn onehand, a thin layer favors the gas diffusion and fuel conversimh, a

on the other hand thicker layers incorporate higher catalyst loading which yield to more TPBs
and therefora catalyst layer optimization requsra complex balance between mass transport

andcatalytic activity [35].

2.8.3 Ohmic overpotential
Besides theenergyloss thatfuel cells need to undergo in order to favor their kinetias,

relevant overpotentiad associatetb the intrinsic resistance of the d@slconductors to charge
flow. Such losobeys Oh mo6 s and thenefore islenoted as Ohmic los8s mentioned in
section2.8.1, ohmic losses, denoted by , are mostlydue to imic conductionin the

electrolyte,the current collection (dependent on the electrical conductivity of the collector
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material) and interfacial resistancéso |l | owi ng t he Ohmoés | aw |
voltage in terms of the current, this conductsistanceY corresponds to the slope of

Oh moé sw | "@Mwhich could also be expressed in terms of the conductor lengtbss

sectional ared andconductivity, as in equatiori41). However, this expressiaould also

be written in terms of the electroni¢  and the ionicY resistance contributions as
equation(42), wherethe ionic contribution tends to dominate due to diféculty of ionic

charge transport towards electronic charge transport. The contact resistanassociated

to the interfaces between electrolyte and electrodes should also be considered, as well as the

current collection contributiof84].

— Y Qi (41
- (0 oy Y 2 42

On electrochemical cells, ohmic losses could be minimized by implementing thin elestrolyte
with high (ionic) conductivity materials4].

2.8.4 Concentration overpotential

In electrochemical reactions, the concentration losses ( could be represented as the
reactants depletion and products accumulation at the catalyswliglyer the electroderlhis
phenomenon can be explained whigure10, where the concentration of the reactaitsit

the catalyst layer is less than the concentration of reactafitlseaning withinthe gas flow
channel) 6§ . Whereas for the products concentrawdrat the catalyst layer is greater
than the concentration of the produett the flow channeb: ¢ . Such concentration

gradientinfluences the electrochemical cell performance with the following asf3¥gts

1. Nernstian losse#is described by the Nernst equatidre tell voltage would decrease
due to the depletion of reactant concentration at the catalyst layer with respect to the
concentration on the gas bulk.

2. Reaction lossesthe activation losses related to the electrochemical reaction kinetics
would also increaseecause of theeactant concentration decrement, while the product
concentration at the catalyst layer increases predicted by the Butkfolmer

equation.

21



Therefore, the cumulative contribution of these losses is what is typicallyeckfas

concentration losses or mass transport |054s

Porous
fuel
Gas channel |electrode | Electrolyte

Reactants (R) 11 ————p-

Products (P) out #——

cR
=
=]
=
=
£
= 0
) S— LA
&

el
Gas channel Fuel electmde;Electmlybe interface
Distance

Figure 10 Simplified sketch of the mass transport phenomena witi®@@fuel electrode. Convective flows

of reactants and products within the fuel gas channel correspond to the species atmcenttside the
diffusion layer (electrode), as andc . Adapted fron{37].

Having these contriliitons in mind, the operating current density of the cell could be written

asequation(43):

b &0 ¢ o 43

Where’'O  (cnv¥/s) is the effective reactant diffusivity within the catalyst layatso
dependent on the electrode porosity and tortuoaiigyiis the electrode thickneswhich in
this case is assumed to be the diffusion layer thickiEsgever, a situation in which the cell
performance could considerably decrease, would/lenthe reactant concentration at the
active siteslrops to zero, which corresponds to the lingtcase for mass transport. In such
situation, thefuel cell could not stand a higher current density than the one that causes this
reactant starvation. Such current density is denoted as the limiting current demgiigh
can be calculated asjuation(44), whends  1t[37]:
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6 ¢o 2 (44

With these parametertfje concentration overpotential could be expressed in terms of the

Nernstian and reactions lossas
- - h - h (45)
The Nernstian losses can be writteregaation(46):
YUY 0
- —q ¢ (46)
i @00 o
Analogous to the Nernst equation, the reaction losses caiptessed as:

Y'Y 0
o ——a @7
o 8% o

Hence, the total concentration overpotential yields

%‘(\g'paaﬁ”o (49)
In SOCsnot only massdoncentratioplossedake place, but other transport mechanisms are
also relevantsuch as the gas convective transport along the flow channels that are adjacent
to the porous electrode. Such mass transport loss is a function o& istosity of the gas
mixture within the channels (also function of pressure, temperature and compositions), (ii)
the pressure drop along the channels, (iii) the velocity of the gas(lgvand the geometry

of the gas channe[87]. The nature of the gas flodistributionmay differ significantly on
different cell architectures. The fuel gas flowstributesperpendtular to the surface of the

fuel electrodddiffusive mass transpgrtout also parallel along the gas channels (from inlet

to outlet).Regardlesshe flow distribution on the gas channels, the perpendicular gas flow
may exhibit a higher resistance on atesupporteecells (ASC) thanon electrolyte
supporteecells, just because tredectrode (diffusive)ayer is significantly larger, meaning

that the gas flow should diffuse across a larger path. Gexgson and side views of the fuel

gas flow distributio on these cell architectures are depicteBigure11. Details about the

different cell architectures employed in SOCs are explained in the following section.
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——— Reactants (R) in Electrolyte-supported cell (ESC) Cathode/anode-supported cell (CSC or ASC)

= Products (P) out

I Perpendicular flow a) b)

Oxygen electrode Oxygen electrode
f— ® Parallel flow 0000 aseseesssessessess Mesh for e — Electrolyte

Electrolyte current collection

Fuel electrode +—— — Fuel electrode

® @ ® ® @ @ ® @ ® ® ® ®
Cross-section inlet view Cross-section inlet view
Fuel electrode ceramic holder Fuel electrode ceramic holder

©)  Oxygenclectrode d) Oxygen electrode

E— Mesh for Electrolyte
Electrolyte current collection
Fuel electrode m/ — Fuel electrode

| iR Bl EmE

Inlet = mmm== Qutlet Inlet e Qutlet
Side view Side view
Fuel electrode ceramic holder Fuel electrode ceramic holder

Figurell Simplified fuel gas flow distribtion for electrolytesupported cells (a andl andfor cathode/anode
supported cells (b and d).

Hence, it is possible to assume thdtile convective gas transport dominates in the flow
channel,the diffusive mass transport dominates in the diffusionrlgyathin the porous
electrode), where only the perpendicular direction of diffusion is considEnecconvective
contribution to— could be minimized by careful selection of tjgschannels geometry.
Parallelflow designs provide anveralllow pressure drop between the gas inlet and outlet

[37]. However, sich contribution is not consideredequation(48).

Despite the different contributions to the voltage losses, different performance indécators
typically used to compare technologies, e. g. between high and low temperature electrolysis
technologies, with thaim to evaluate the performance at a specific operating point. Hence,
the following figures of merit were used within this thesisainly for the case of the

electrolyzers.

2.9 Performance figures of merit

Typical figures of merit (FOMJor electrolyzerssuch asthe specific energy consumption

[38] and the normalized hydrogen productame commonly calculatedt the thermoneutral

voltage.The specific energy consumption can be calculated witltdhsumeccell power

0 andthe produced hydrogen mass fldwin terms of the cell voltage and the faradaic

efficiency, assuming of ~1for SOEL[29]. The latter term is calculateslith the
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measured chige to yield the produai , andwith the total theoretical chargg[38]
[39]:

T L (49
n
Then, thespecific energy consumption is expressefB8k
0 a Ow (50
a T 0

, and thenormalized hydrogen productien (kg Hz/cn?h) calculated at thermoneutral

voltageis expressetly equatior(51), whereM and¢ stand for hydrogen molecular weight
and hydrogen molar flowespectively.
(O] VY
G006 ao
Another relevant FOM for the performance of atectrolyzeris the specific energy

a
— &0 (D)
(0]

requirementkWh/kg H). In SOEL, this is calculated as the ratio between the consumed
power0 and the produced hydrogen mass flaw, with T ~1. An analytical
expression twbtain this FOM from the wrent, cell voltage and power consumptign
described witrequationg52) to (57):

U (b z'0 (52)
0 0 oY z _ (53
o
5 ’ 0o "O v v, LY
0 &) oY 2z 20 0 €40 (54)
’?’ L 1 7 ", 6 l‘Y 1 LEL)Y " 1 d
0 W Z2ed ' O———2 €edO he + (59)
o) 0
. , ... 0"Y a .
§] ~—Z w 20—+ 0 (56)
0 o) 0
b 80%, 4y &0 (57
a 0O 0 0

Typical valuesof — for SOEL are around 37 kWh/kg 44t cell levelwhile it can be as
high as401 44 kWh/kg H at the stack levd#0] [41].
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The cell perfomances notonly related to the thermodynanusbaracteristics ahe different
operating modes, but also to the cell architecture. The olamét the concentration
overpotentiad are significantly affected by the thickness and morphology of the eleetrolyt
and the electrodes. Following, differé@®Carchitectures are detailed.

2.10 SOCcell architectures

SOGshave been developed in tubular and planar architectires the decade of 1960he
SOFC system coupled to a gas turbine fi®iemens Westinghouseas based on a tubular
design, having promising resulfsr that time However,the planar architectures have
received more attention during the last decadealtieeir performance approximatdlyice
ashigh asfor tubular structure[39]. Different planar cell architectures have been classified
in terms of their mechanical support: electrolgteoported cells (ESC), cathode/anode
supported cellsASC) and metasupported cells (MSO}Y2], as depicted ifrigure12. The
ESGs operate with a thick electrolyte layer (100 pind mm) thatprovides the mechanical
strengthwith thin porous electrodes. Due to the high ohmic contribution from the electrolyte,
these ESCs are operated at high temperatures (85.°C00 AC) to favor
ionic conductivity.On the ASC designs the eqating temperature is reduced to ~ 800 °C or
below due to the thin electrolyte layer (typically ~50 um).

a) Electrolyte-supported cell (ESC) b) Anode-supported cell (ASC)

Oxygen electrode Oxygen electrode

Electrolyte

Fuel electrode

» Electrolyte

¢) Metal-supported cell (MSC)
Oxygen electrode

Electrolyte
Fuel electrode

Figure 12 Electrochemical cell architectures) Electrolytesupported cell (ESCh) Anodesupported cell
(ASC). ¢) Metalsupported cell (MSC).

Nevertheless, the ESC and ASC present an important drawback due to their brittle mechanical

support, which are made of ceramic materials, as well as of composites between ceramic and

metal i cermets[42]. By contrast, MSC designconsist ofthin ceramiclayers for the
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electrochemical reactions (electrodes and electrolynaf) with an additional mecharikt
porous support, typically made of robust metallic matef#g]. In the frame of this thesis,
electrochemical characteations were performed in ESC architectui®m which their

typical materials are discussed in the following section

2.11 Typical materials for ESC

2.11.1Electrolyte
Crystalline oxide ceramic electrolytes conduct oxygen ions by defect hopping mechanisms

that takeplace at high temperaturéétria-stabilized zirconiafrO.), samaria andgadolinia
doped ceria (EQ), known as YSZ, SDC and GDC/CGO respectivalg ceramic oxides

with crystalline fluorite structurehat are widely used as electrolytes in S[@8§].

YSZ isso far the state of the art electrolyte material for S{a3k[44]. YSZ stands for the
dopedZrO. with a certain amount of 203, typically with 3 or 8 mol %, corresponding to
3YSZ and 8YSZrespectivelyDespite the lower oxid®n conductivity of 3YSZ, this choice
is advantageous due ts butstanding mechanical stabilif(d], which is required for instance
on ESC architectures. By contrdSDCandCGOelectrolytes offer higher ionic conductivity
than YSZ,butin reducing conditionshey also present electronic conduct{@above ~ 600
°C), which could cause aaectronic currentdakage through the electrolydader operation
[44]. The optimal dopant concentrations for SDC @@lOare typically around 10 and 20 %.
A commonly used formulatiois Ce ¢Gh.101.95 Which isreferred a<£cGO10[43].

Besides the fluorite structure, perovskite oxidesh as lathanum gallates (LSGM) also
exhibit good ionic conductivities. However, they present important issues such as the
evaporation of Ga in reducing atmospheres, the poor compatibility with Ni and NiO (present
in the typical fuel electrodes), the low mechangtability and theexpensivecosts of gallium

[44]. Furthermore, other alternative d@dpingzirconia with scandium instead yttrium has

also been studiedvith the aim to increase the ionic conductivity. Henced8ged ZrQ
(ScS2) electrolyte are very promigirfor reducing the operating temperature in SOCSs.

Nevertheless, the price and availability of scandium are relevant limit§iéhs

Nowadays, commercial referencess8GCs and stacks implement 3YSZ electrolytes with a
CGO barrier layer coating, mainly to avaldemical reactions between the electrobtd

the oxygen electrode (typically made of irdaped lanthanum strontium cobaltitg$3]. In
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this thesis, commerdi8YSZ 90 umthick electrolytes with a CGO20 barrier (5 pogated
in both sides were useldrafol GmbH Eschenbach, Germany

2.11.2Perovskite oxides fundamentals
Before introducing the oxygen and fuel electrodes used in SOC, it is relevant to introduce the

perovskitesoxidesin general SOCelectrodes shoulddeally beporous andboth mixed ionic
and electronic conductors (MIEC) to allow the electrochemical reactions to occur at the
doublephaseboundariegDPB) andtriple phase boundarig3PB), where molecles, ions
and electrons gathgB6]. In this regard perovskite oxides present this unique MIEC
characteristic, making them very suitable for SOC electrobesir properties are strongly
depending on theiglementarycompositionABOs, For instance, Y varying the composition
on their A and B sitesignificant changes can be tuned in regard to tremsport properties
catalytic activity and their stability in oxidizing and reducing conditif22]. An ideal
perovskite structure is depicted Kigure 13. This structure could be seen as thesBO
octahedron forming a center of abeuwith a larger A atom at theorners or as cube
consisting of cornesharing BQ@ octahedra with A atoms at the cent€he coordination
number of A and B cations are 12daf) respectivelyThe ideal relation between ionic radii
is given byequation(58) [46], wherel ,i andi represent the ionic radii of the atoms A, B

and O respectively

[ Gi i (59)

Figure13Left: Cubic perovskite crystal structure withc&nter surrounded by 8 BOctahedra. Right: Cubic
perovskite crystal structure withBOs octahedon centerand A atoms on the cornefSrystal structures were
gereratedwith software VESTA47].

However this idealcubic structure is rarely maintained. Typical distortions of the ideal cubic

crystal structure are represented by orthorhombic and rhombohedral crystal systems, among
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less common arrangements such as tetragonal, monoclinic and tridlimecefore, the
tolerance factot, is a measure of the distortion aratiestypically between 0.75 and(tubic

structur@, whichcan becalculated afollow [46]:

0 — (59)

2.11.3Electrodes
In generalthe electrochemical reactions take place on the TPBs (as mentioned in section

2.8.2) and DPBs (for MIEC electrodes), whiclnsttute catalytic active sites (or regions)
where electrons, gaseous reactants ahde@ct.Preferably, the electrodes present a porous

structure with the following properti¢43] [22]:

1 Oxygen anion conductivity

1 Electrical conductivity

1 Chemical stability and compatibility

1 High temperature compatibility with the electrolyte and interconnect materials
(thermal expansion matchingth limited reactivity)

91 Durability at high temperatas and under thermal cycling

1 Mechanical strength (trade between porosity and mechanical support)

1 Catalytic activity

1 For the fuel electrode: fuel flexibilityand tolerance tompurities and cokingin

operation with hydrocarbon fugl®n SOFC and C@electolysis in SOEL, as well as
with high contents of steam (silica impurities) in SOEL operation

9 Low costs

2.11.40xygenelectrode
The oxygen electrode should provide high electrochemical activity for the reduction of

oxygen. MIECmaterials are great candidatestfoase electrodes, providiPBregionsand
regions for this reaction to take plap&3]. Such mixed conducting prerties could be
achieved with a cermet composite, where the metallic phase contributes with the high
electronic conduction. However, due to the oxidizing conditions aftiigenelectrodes, the
cermets are nadequatdor SOC oxygen electrode®nly ceamic materials that are stable

at high temperatures and highj@mospheres may be considered.
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Because of this, perovskites oxides such as strordijpped LaMn@ (LSM) have been
implemented asxygenelectrode due to their good physical and chemicalilgyalas well

as good electrical conductivitput with an important drawback, which is its lower oxygen
ion conductivity [43]. Namely, iron-doped lanthanum cobaltites have been actively
investigated because the incorporation of Fe on the La@e@dschemical interactiomith

the YSZ electrolyte which could lead to the formation of insulating phases such@s,0a

and Co(43]. LaixSCoyFe,03.4 (LSCF) - typically with a concentration dfe~80%- is a
stateof-the-art materialfor SOC operationdue to its good MIEC properties at high
temperatures. For instance, at 800 °C its atmdtconductivity is ~ 100 S/cm and its ionic
conductivity rehtively high, with values from 0.01 up to 1 S/cm. These conductivities may
vary in function of the Sr and Fe concentratiph3]. In this thesis, the oxygen electrode
composition that was used in the electrochemical tests corresponds to the commercial

reference from Hexaus: Lap 56S1.4F&.s8C00.203-1 (LSCF)

2.11.5Fuel electrode
Ni-YSZ cermethave been widely studieakfuel electrodes in ASC architecturtess SOFC

operation.Thesematerialshave provided satisfactory performasaethe temperature range
of 800 °C and 1000 °{22]. They are typically prepared by sintering NiO and YSZ powders
togethey yieldinga NiO/YSZ composite. Upon exposure to reducatgrosphereghe NiO
phase iseduced to Ni, resulting in a porousX5Z fuel electrod43]. Ni provides elecical
conductivityand catalytiactivity, while the YSZ phase providemic conductivity,as well
asthe structural framework of the electrode, acting also as inhibitor for the coarsening of Ni
during preparation and operatipt8]. However, theseermets present several disadvantages
that are mostly related to Ni coarsenirggglomeration and +exidation, leading to a
reduction of theTPB lengthsand hence also a decrement on the electrical conductivity
Furthermore, important issues by fueling the cells weflormatesinclude low tolerance to
sulfur impuritiesandpropensity to carbon depositidn.the case of sulfur poisoning, the TPB

lengthsare substantially reduced due to the absorption.&f ¢h the active sites of the nickel.

As for carbon deposition, the high catalytic activity of nickel towards the caréadoon bond
favors the formation of carbon deposits, blocking the electrochensiaetions on the fuel
electrode. If large amounts of steane added to the fuel gasesSOFC operationn a steam

to carbon ratio (S/C) of ~3, this issue could be mitigatetiowever, the OCV would
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decrease, as well as the power der{di8}. Nevertheless, high amounts of steam could also
accelerate Ni agglomeration and reducegbdormancedue to fuel dilution43], but also

due to los®f electrical percolation and diminution of the trjplaseboundary (TPB) length

[49] [17]. Additionally, there are other known phenomena f®@@EL operation such as the
enhanced evaporation of Ni(OHX9] [17] [50] and silicon poisoning of thieiel electrode,

both due to higher #D contents (~ 10% 90% )in the fuel gassupplied with anon-extra

pure steam fee[b0] [51]. In SOEL operation, degradation phenomena have been observed
mainly because of the larger p@Qradient across the electrolyte, resulting in a dominant

driving force of different diffusion processes, causing Ni depletion near to the eledit@lyte

In contrast,CGO-based fuel electrodes commonly in ESC architecturés have been
recently studied due to their MIEC properties, but also due toahiity to suppress carbon
deposition43] [52]. Their performance could be significanthyprovedby adding Ni, Caor

also noble metalto the CGO ceramic phase, resulting in a cermet compésiténstance,
even with pure hydrogen, NGO cermets outperform NSZ [43], and due to its coke
tolerance,they outpeform also in in HO-CO, co-electrolysis and dry Cfelectrolysis
operation However, by reason of the large content of metallic Ni, sueBG composites
are also sensitive to microstructure variations caused by grain coarsening upon redox cycling,
which detriments their elegtal conductivity[53]. Hence, redox cycling is still challenging
on conventional NCGO electrodes, due to the dimensional expansioniti® upon
oxidation, leading also to Ni grain coarsening, as well as electrode delamif@akjoWith

the aimto improve its dimensional stability, Ni nanoparticles infiltration into the ceramic
backbone has showan initial goodperformance, unfortunatelglso with a rapid Ni

coarsening at high temperatur=sading tahigh degradation ratg54, 55]

Therefore, a key aspect of tbell performance is the optimization of the fuel electrode in the
operation window of the SOC«Kinetic and thermodynamic behawsodepend on how
suitable is the fuel electrode for operating with the diffetgpical gas mixtures in SOC
Besidesof havirg a good catalytic activity towards electrolysis and oxidation reactions,
tolerance against sulfur poisoning and carbon depositions, as well as stabiditialin
atmospheref.e. oxidative and reducingare key aspects that could be optimized in the fuel

electrodes.
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2.11.6Perovskites as target for Ni exsolution on SOC fuel electrodes
Alternative fuel electrode materials for the Ni cermets on ESC apetbgskitebased oxides

(ABOg3). They have been exploredi@ to their remarkable stability in redox condisaand
their promising catalytic properties on a wide range of compositildris has been achieved
by doping their Asites with lanthanides and alkaliearth metals and their-§ites with
transition metals, such as Mn, Co, Fe, Ni, Cr anb8]. Outstanding performance has been
shown inH20 electrolysis withstrontium titanates fuel electrodes withsBe doping of Ni

and Fe by the exsolution method

The exsolution of metallic nanoparticles takes platemcatalytically active metals are
embedded on the perovskite lattice under oxidizing conditions and then released as
nanoparticles on the surface in reducing condit{d@$ [58] [59] [60], as shown irFigure

14:

a) Ay_,BOs_, b) (1-x)ABO3_,,  +  xBQ

(% .\
OB
e 0O
Electrolyte
A catalytically active metal Metal nanoparticles © (B’) are
is embedded in the crystal lattice of a perovskite exsolved on the surface

Figure 14 a) A-site deficient perovskitbased fuel electrode. Exsolution of metal B nanoparticles on the
perovskite arface after expaseto reducing atmosphere at high temperatures and/or cathodic overpotential.
Perovskite networks weigeneratedvith the software VESTA47].

Exsolution is favored upon-Aite deficiency because when the oxygen vacancy concentration
Is high enough, the perovskite lattice partially dast@s due to the high deficiency on A
and Osites. Hence, metal particles from thesiBe exsolve while charge balance of the lattice
is maintained61] [62]. Recently Neagu et ahvestigated\i exsolution onA-site deficient
lanthanumcalcium doped titanatesind lanthanuncerium doped titanates byn situ

observation with environmental transmission microscopy (ETEMpy foundthat the
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exsolution phenomena and thus the shape of the resulting nanoparticle are significantly
affected by the temperature and the gety partial pressure (p) [62] being important
operaing parameters for SO€ystemg57]. Neverthelesssuch titanate electrodes with Ni
exsolution have mainly been investigatgdhe button cell scale-1 cnt of activecell area)

and notyet beencompared to statef the art Ni- basedcermet electrodes in operation with
equivalentboundary conditionfb4].

Besides titanates, other perovskite families, such as lanthanum chromites havésbeen a
considered as fuel electrodes in SOC. On one Ha@rOs-based oxides have been studied
as interconnect materials for SOFCs due to their high Ealtonductivity and stability in

both reducing and oxidizing conditions at high temperatures, asawdheir low activity
toward carbon depositiof54] [63] [64]. On the ¢her hand]Janthanum chromitesan also

host B cations and exsolved theas metallic nanoparticlen their surface, just as
(La,Sr)(Cr,M)Q perovskites (M= Mn, Fe, Co and N§7]. Among them, Ni was identified

as very promising Bite dopant with good (electro)catalytic actifiB#] [65]. Stoichiometic
andA-site deficient formulationsf these chromites have been recently investigated@ H
electrolysis, CQ electrolysis and celectrolysis[57] [59] [66] [67] [68] [69]. Sun et al.
investigated Asite deficieniNi-dopedianthanum chromites and their applicatiorS@FCin

small button cells at 800 °They reported an increased performance of asité deficient
chromite Lap.eSr.3CrogsNio.1503.u fuel electrodein comparison to the stoichiometric
formulation (Lao.7Sro.3Cro.ssNio.15035) [70]. However, they also observed a significant
performance degradation within the first 24 hours of operation, which was related to Ni
particle coarsening, but redox cycling showed to fully recover the perforniaac€r0].
Nevertheless, Ni exsolution behavior @mthanum chromites upon temperature and pO
variation, as well as their electrochemical reactionO&€ ®perating modesre notyet fully

understood.

In the following chapter, the motivation to investigate alternative perovskite fuel electrode in
SOCs igoresentedas well as the scientific approach that was followed for the completion of

this thesis. The pertinent research questaoesalso addressed.
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3 Motivation & scientific research approach

SOC technologies are by far one of the most promising alternatives f@nhisgionpower
generation aneenergy storage. However, these technologies are ncoygtletely mature

and are currently competing with the low temperature technolfigis

The scientific research and development in the SOCs mateldls strongly dominated by

the Ni cermetsuel electrodesnd hence meaningful kmtedge has been acquired in the last
40 yearsDespite the promising catalytic properties of these Ni cermets for the most of the
SOCs applications, these materials exhibit important issues during operatiendbager

the performance of the SQtased sstemd17, 43, 49, 50, 555].

Furthermore, their main raw materiaickel (and hence nickel oxid& considered by the
International Energy Agency (IEA) as a critical mineral for the energy trangitidnnot

only due to possible shortage supply in the r&ét 30 yeas, butalso due to social and
environmental aspects that are correlated to its toxititgrefore, the motivation to replace
this material, or to decrease significantly its use, is an important driver for the SOCs

technologies deployment on the currem¢igy transition.

Having these aspects in mind, the main motivation of this thesis is to develop and evaluate an
alternative fuel electrode material for SOCs. For this, a perovisaged fuel electrode is
proposed with the aim to achieve a catalyticafgremrance agood aghe Nicermetsas well

asa stableoperation andlurability in the different SOC operating modé&sso, an important
feature would béo evaluate ithe implementation of such perovskiiased fuel electrode
would require significantlyjower amountf Ni/NiO raw material than the statd-the-art
cermets This would also be a relevant outcofoe the deployment at larger scales (~ MW)

of power generation and energy storage S1a€ed systems.

In this thesis, the main focus is given e formulation and implementation of a-8lped
lanthanum strontium chromite decorated with Ni exsolution as fuel electrode on ESC
architecture. Namely, with the purpose to electrochemically evalhstéuel electrode in

different SOC operatinghodeswith respect to the typical Ni cermets fuel electrodes

Taking as a reference the study3yn et alwith a Nipartial substitution on the B site of

15%[70], and going beyond SOFC operation, in this thesis the nomhusékAleficiency
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was considered only on the Lanthanum contéiné Sr concentration was kept constant in

30% because of the following reports:

1 For stoichiometric lanthanum chromites, Sr was found to increase the electrical
conductivity[64] [65], where optimal values were reported with48D% Sr content
on the Asite[72].

1 Sujatha Devi and Subba Rao reported indSsCrOs formulations increments in the
conductivityuptoaSdopi ng | evel of x O 0.3, whict
of Cr** ions as a result of charge compensation and conduction. However, they also
found that further increase in the Sr content,foex beyond 0.35, led to a decrement
in the conductivity]73].

Considering the above, this thesis focused onfdneulations of L&Sro.3Cro.gsNio.1503-
(LSCrN) with lanthanum contents between 030 x O 0. 70

3.1 Scientific questions

Theresearch questions that are addressed by this thesis are

1) How can a perovskitebased fuel electrode compete with the stdtthe-art Ni-
cermets in the different SOC op#ing modes?
i) Whatcould bethe benefits to opera®OCswith this perovskitdbased fuel electrode

over the statef-the-art Ni cermet®

With the aim to address and answer the above propesedrch questions,faur stages
scientific approach wansideed as detailed ifrigurel5. These stagesncompass different
facetsof materials science and engineering in order to select, formulate, synthesize and
characterize areliable perovskhiased fuel electrode for SOC. The scieatiisults obtained

during all the stages of this thesis are presented in three main publications labelled as Articles
[, Il and Ill. Additional publications are also mentioned across this theseChapterll and

Chapterl2).
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Motivation & scientific research approabh

§

2. Provide inital characterization of the features

3. Implement the material into functional cells and

1. Synthesize a candidate material

asses the electrochemical performance

4. Identifiy potential operational benefits in a
scenario of ugscaling to the MW level

Figurel5 Sketch of the different stages of the proposed scientific approach.

The different stages of the proposed scientific approach are detailed as following:

1 First and secondstagesi Synthesisand characterization of candidate material
In these stageslifferentLaxSro 3Cro sdNio.150s.aformulationswithn 0.500 x @ver® . 7 0
investigated Characterization techniques allowed to define to which extent the
proposed formulations wehemically stable. Thermal behavior was also evaluated
with the aim to design and propose the most relevant parameters for the cells
marufacturingprocesses. Once the perovskite formulations were defined, commercial
purchase of the proposed formulationsl(kg) were inquireth orderto implement a
manufacturing process protocol with enough stock of raw mateAalglé | and
Article 11 ).

1 Third stage- Implement the selectedmaterial into functional solid oxidecells and
asses the electrochemical perfmance
With the commercial raw perovskite materials, relevant manufacturing processes and
methods were performed: ceramic ink preparation, electrode sorieéng and
sintering. Important parameters such as electrode thickness and sintering temperatures
were varied, as well as different contagt materials.The ell performance was
evaluated and compared with stafethe-art cells, for which the besbmbination of
processing parameters for the manufactured perovisaged cells was identified.

(Articl e I, andArticle Il ). The manufactured cells were tested in different operation
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modes characteristic from SOC systems. For all of them, the cell performance at
different temperatures and gas compositions was evaluated. Electrochemical
characterization tecilques gave insights about the performance and limitations of the
proposed perovskitbased electrode under different operating conditions. Redox and
long-term stability were also evaluatetiwlas mportant to note in this stagbat there

was a synerggf different characterizations technigues and the electrochemical testing
of these cells, which allowed to builkcamprehensiveinderstanding of thieehavior

and theperformance of these perovskite electrogfgsicle I, Article Il andArticle

).

Fourth stagei Identifi cation of potential operational benefits in a scenario of up
scaling to the MW level

In this final stage feasible aspects for thscaleup were evaluatedwith the
performanceaesults at the cell level reported pfi]. Advantages and disadvantages

in regard to the further use of these electrodes were identified. Alternative pathways
and differentapproacksin regard to the identified limitations were propo$edthe

scaleup of perovskite electrodes to the MW scale.

The main publications of this thesis could alsglegphicallydescribed with the diagram in

Figure 16. Different SOC operating modes were evaluated within these publicabgns,

presenting the evaluation of the proposed perowated fuel electrode, also with the

benchmarking of the statd-the-art fuel electrodes.

Article I
Article ITII

Article I
Article IT

Article I

Figure16 Sketch of the different operating SOC modes that were addressed in the frame of this thesis with

the three main publicatiorgérticle I, Article | I andArticle 111).
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4 Materials & methods

In this chapterthe experimentalmethodsand procedureperformed in this thesisre
describedStartingwith the perovskite ceramiowdersynthesisthe respectiveceramic ink
preparationand with the following experimentalproceduressuch as screeprinting and
sintering which all in all encompass the eelnanufacturing process. Different types of

samples were produced and characterized along this thesis:

1) perovskite powders in oxidized and reduced form
i) symmetricalbutton cells (2 cm diameter)

lil) squareelectrolytesupported cell§5 cm x 5 cn

4.1 Powder synthess
The glycine nitrate combustion method wagplementedfor the synthesis of the ceramic
precursos LSCrN, as explained ifir0] [57]. Once the stoichiometry was fixed, only the

content ofLa was varied and four different compositions were prepared as shavable 1.

Tablel LSCrN powder formulations with different La deficiency orsite

Abbreviation La deficiency (%) A - site deficiency (%) Formulation
L70SCrN - - Lao.7So.3Cro.8sNi0.1803
L65SCrN 7 5 Lao.65S10.3Cro.sdNio.1503.u
L60SCrN 14 10 Lao.6So.3Cro.8sNi0.1803
L50SCrN 29 20 Lao.5S10.3Cro.8Ni0.1803-

For the preparation ofhese powder formulations, stoichiometric amounts of the nitrate
precursors were weighexhd dissolvedn deionized water and furthenixed with glycine

( J. T. B aikhemBlar ratio of 2:1 with respect to the total content of metal cations).
Then,these mixtures were stirred and heat80°Con a hot plate until a daidreen colored

gelwas formedas shown inFigurel7:
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Nitrate precursors:

La(NO,), 6H, (99.9% REO Alfa Aesar) HHISIEE oRTs

} Stirred
Sr(NO,), (98% Alfa Aesar) i e it raeiel
Ni(NOy), 6H,0 (98% Alfa Aesar) Glycine (I.T. Baker™) and greeng
Cr(NO,),-9H,O (98.5% Alfa Aesar) o heated to
w4 Deionized water 80 °C

Figurel7 Steps for the glycine nitrate combustion method for the preparation of LSCrN precursors.

However, in order to determine the temperature in which thecegibustion was tang
place, thermogravimetric measurements in synthetic ve@re performed onthese gels
indicatingthat the exothermic setfombustion reaction wasking place at 220°C. (These
measurements aexplainedn sections.3). Therefore, once the gel was formed, it was heated

up to 220 °C in an aibathconfiguration, as shown iRigurel8:

Self-made
exhaust

Fiber glass
isolation | ©

Hot plate

Figure 18 Setup for theproductionof LSCrN ceramic precursor from the seimbustion reawmon of the

formed gel at- 220 C under stirring in an oil bath.

After the selfcombustion reactionccurred the resulting ceramic precursor waacinedin

air with a heating ramp of 3 °C/min up to 1400 °C with a holding time of 1 hour. This
temperaturevas selected because it was the minimal point at which the perovskite phase was
achieved75], consistent also withtherstudieson lanthaum chromiteg76]. The obtained

perovskite powder LSCrN is shownkigure19:
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——
Firing in air
3 °C/min
1400 °C
Hold: 1 hour

Ceramic precursor LSCrN ceramic powder

Figure19 Left: Ceramic precursaafter selfcombusion reaction. Right: Aftefiring in air at 1400 °Cor 1

hour, the LSCrN ceramic powder was obtained.

The selfmade I65SO'N and L70SCrNoowdersweremainly composeaf aLSC perovskite
phase anda secondary phase of NiQorresponding ca. to the targeéteominal Asite
deficiency), asverified by XRDin [57]). Customized synthesis tdrge quantitiesvasmade

by the company Marion Technologies forettwo powder compositions L65SCrN and
L70SCrN For each compositigrl kg of powder wasnanufactured The LSCrN-powder
samples thiawere herein produced were further characterized by different techniques, which

are explained and detailed in chapter 5.

4.2 Ceramic ink preparation

Ceramic inks of th&65SCrNand L70SCrNoowders were prepared apowderto-solution
proportion of 2:1 stating with a solutionof U-Terpinol (94 wt %) and ethyl cellulose (6 wt
%). Theceramigpowder washenslowly addednto thevehicle ink and mixed by hand@hen,
such ceramic suspens®were mixed with the 3roll milling machine EXAKT 80E EL

(Figure20) with theparameters depicted irable2 (starting with thanode 1)

Table2 Experimental parameters for preparing the LSCrN ceramic inks @artiemilling machine EXAKT
80E EL

Gaps between rolls Distance between rolls (um)
Mode Mode 1 Mode 2 Mode3
First Gap 45 30 15
Second Gap 15 10 5
# of repetitions 4 2 2

After passing the ink through the 3 rolfixing the distance between rolls for each mode
(mode 1 to 3)the mixing process finalized by appng t he A Force Modeo

ink just one more timethrough the rollsThe force mode allows tbreakthe smallest

41



agglomerate more efficientlymaking the mixg of the solventand powder more

homogenousandresulting in the targeted ceramic ink.

Figure20 3-roll milling machine EXAKT 80E EL

4.3 Screen printing

In this thesiselectrolytesupporteecells were manufactured and furthused for the different
electrochemical characterizations addrability tests. Two different configurations were
investigatedsymmetrical button cells and square full caiisthimplementing the perovskite
fuel electrode L65SCrN.

Figure21 Screen printer machine Aurel model 900 (Aurel automation s.p.a,. Italy)

4.4 Symmetrical button cells

Symmetrical button cells were prepared by screen printingd shape electrodesT® mm
diametemwith the prepared.65SCrN ink oreither side of 20 mmdiameter commerci&O
um-thick 3YSZelectrolytessandwichedbetween twdb pmthick CGO20barrier layes, from
Kerafol GmbH (Eschenbach, Germarije screesprinting was performed with th@inting
machine Aurel model 900 (Aurelautomation s.p.a, Italyshown in Figure 21, with
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configurati on Armreinrcell was diedhaaBaf°’C until the ink solvents
evaporated (~ after 30 minutes). Afterwards, the printing and drying processes were repeated
for theotherside Next, the cells werdeated up at 3 °C/min to 1200 °C in air and fired for
onehour. Platinum past@Heraeuswas used as current collector and hanashed on both
electrode surfaces. Following, the cells were heated up at 3 °C/min to 1050 °C in air and held

also for one hour. The active electrode area was 0.78asshown irFigure22:

Fuel electrode:
LSCIN ~ 8-10 um

CGO-3YSZ-CGO

(X xemarov

LSCiN ~ 8-10 pm

S
10 mm

20 mm

Figure 22 Left: Sketch of symmetrical button ESC with LSCrN fuel electrode. Right: Upper view of the
prepared symmetrical button cell after sintering.

4.5 Square full cells

Square full cells were ppared with ommercial references from the electrolyte and the
oxygen electrode with the main purpose to only vary the fuel electrode composition:
L65SCrN and L70SCrNrIhe prepared ceramic inks of the L65SCrN and L70SCrN powders
werescreen printed oaneside of theelectrolytesubstratesisosupplied by Kerafol GmbH
Germany These substrates we®@ pmthick squares (5 cm x 5 cm) @Y SZdouble side
coated with a 5 pnthick (centered square ofein x4cm) of Cey.sGth.202.5: CGO203YSZ-
CGO02Q The screetprinting of the fuel electrode was performéallowing the same printing
and drying parameters asedfor the symmetrical button cells, bloy using a printing mesh
with a square window of 4 cm x 4 cm and centering thigting area ovethe CGO20 area

of the electrolyteThen,the fuel electrode on thialf-cell wasfired in air at temperatures
betweeril100 °Cand1200 °C with a heating rate of 3 °C/min and holding time of one hour.
Regarding the oxygen electrode, toenmercial ink ofLap 58S 4F&.6Ca.203-5 (LSCF)from
Heraeus was printed on the other side ofitlee half-cell, using the same printing and drying
parameters as for the fuel electrptat with another mesh in order to avométerials cross
contamination between LSCrN and LS{Dks. Furthe to the drying process of the LSCF, an

area ofplatinum paste (Heraeus) of 4 cm x 4 cm was Hamghed over the fuel electrode
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and further dried at 60 °C until solvent evaporation took place.pldtisum paste was used
as current collector layer foratuel electrode. Finally, th@atinum and LSCF were efired
in air up to 1050 °C and held for one hour. Nominal heating rate was used as well for this

thermal process. The printed area for both electrodes was?#&shown irfFigure23;

Fuel electrode:
LSCIN ~ 8 -25 um

CGO-3YSZ-CGO

Oxygen electrode:
LSCF ~28 um

Figure23 Left: Sketch of full cell ESC 5 cm x 5 cm with LSCrN fuel electrode and LSCF oxygen electrode.
Right: Upper view of the prepared full cell after sintering where the LSCrN fuel electrode is observed from
the op.

The symmetrical buttomells and full square electrolytsupporteecells produced in this
thesis were further investigated by means of microscdgfraction and electrochemical

characterization techniques, that are detailed in chapter 5.
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5 Characterization technigues

In this chapter, the different characterization techniques that were used in this doctoral thesis
are described. Among them, features of the powder morphology, astystalreandsurface
chemistry were characterized bgcannng electron microscopy (coupled witmergy
dispersive Xi ray spectroscopy), Xay diffraction andX-ray photoelectron spectroscopy
respectively. Powder thermal properties in oxidizing and reducing conditions were
investigated bythermogravimetric analyse and temperatuerogrammed reduction.
Regardingn situelectrochemical characterizations, the different test benches and setups used
in this thesis are detailed, whef¥ characteristics, electrochemical impedance spectroscopy
and dronopotentiometrylironoamperometrgharacterizationsere performed. With these
techniques, equivalent circuit modelling and distribution of relaxations pnoesdeda first
glanceabout theperovskitefuel electrode kineticgzinally, theVan derPauw method is also
explained, whichallowed to measur¢he electronic conductivityof the perovskitefuel

electrode.

5.1 Scanning electronmicroscopy

Scanning electron microscep (SEM) are instruments thatreate magnified images that
reveal information about th&ze, shapendcompositionof a specimen at the microscopic
scale. Its operation principle involves a finely focuszttron beam emitted by a&lectron
source The energy of these electrons in the beam corresponds BuEng emission, the
electronsare accelerated wWitan energyypically in the range fromd&= 0.1 and 30 keVY77]
[78].

Once emitted, th@rimary electrons a focused by condenser lensasl electromagnetic

coils, whichnarrowthe beamin a raster (xy) pattern and place it in discrete locations on the
specimen[77]. The interaction of the electron beam with these locations can lead to the
emission of baclscatteed electrons (BSEs) and secondary electrons (FB§)as shown in
Figure24. At all the discrete beam locations, the electron signals are measured by one or more
electron detectors, from which their name is related to the type of electrons that they are
sensitive to: either BSE or SE secondary deteidils For each detector, the electron signal

Is measured at each individual raster location ongkeisen, then it is scanned, digitalized

and recorded into computer memory, and subsequently used in order to determine the
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topography in different levels of gray at eacly *ocation. Then, such coordinates are

displayed in the computer screen, formingagether a single image element (or pix&l].

Inelastic scattering@vents of the electrons with the valence electrons of the sample generates
electrons with kinetic energies lower than 50,ewVhich correspond to th&Es with
information depths of ~ 5 50 nm, revealing topographfeatures and characteristig&].

BSEs originate from elastic interactions of the electrons with the atoms nuclei, being
proportional to the atomic number of the sample, whdogmation depthsange from 50 up

to 300 nm[79]. For different atomic numbers, different gray levels can be observed on the

formed image, providing information about chemical variations on the sample.

Incident electrons

Backscattered electrons (BSE) X- ray (EDS)

Secondary electrons (SE) Cathodoluminescence

Solid specimen

Figure 24 Schematic drawing afignalsgenerated by electron emisssowhen an incident electron beam
interacts with a solidpecimen Adapted fron{78] [80].

In conventional SEMSs, the electron column and the specimen chamieetectorsmust be
operated under high vacuum conditions@4Pa), in order to minimize undesired scattering
of the electron beanwhich could take place due to interactions of atoms and molecules with
atmospheric gasq437]. For the characterization of different microstructural features, a flat
specimen surface is required. Typicaigmple preparatiois performed by careful griting

and polishing protocols according to standard metallographic meigblds 8].

In this thesismorphology andnicrostructuratharacterizationsere performed bysing the
scanning electron microscope Zeiss ULTRA PLUS SEB&l Zeiss AG, Germany.
equipped with a fuel emission gun (FEGeaturesof the LSCrNpowder samplesaé
preparedand after reduction thermal treatmentsjere investigatedmainly with the SE
detector (Figure 25 a and b respective)y Also, the electrolytesupported cells after

electrochemicabperation(Figure 25 c) wereinvestigatedvith both SE and BSE detectors
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Characterization techniques
Forthe analysionthec e | ctossgection the samples we embedded into a suitable resin

and after mirror polishing, they were metallized with a thin sputtered metallic layer. Areas of
nortinterest were coated with a silver paste in order to avoid charging effects due to the

insulating nature of the resin atite electrolyte material.

[§
WD= 42mm Mag= 3000K X Date :2 Apr 2019 ¢
‘o

WO = 44 mm Mag= 000K X Date :27 Nov 2018 ¢ EWT = 200 kV
o — LTSCN_S00C_3n_pureH2 Signal A= SE2

EHT = 200 KV
— L7SCN_1400°C Signal A= SE2

CG020-3YSZ-CGO20)

EHT = 15,00 kV WD = 80 mm Mag= 800X Oate :28 Aug 2019 ‘#,
LSCN_D Ptiniet 3800 Signal A= SE2 o

Figure 25 SEM images ofa) LS65SCrN ceramic powder as prepat@dL65SCrN ceramic powder after
reduction with hydrogen at 500 °C, where nickel nanoparticles are observable and-ggctiossview of

electrochemical cell with L65SCrN fuel electrode after rSOC operation at 860 °C ¢tagied fronf 5)7.]

5.2 Energy dispersive Xi ray spectroscopy

Typical SEM setups also includenergy dispersive X i ray spectroscopy (EDS). By
performing SEM analyseg, is possible to reduce tlmpositionsearch on a microscopic
area based on thelementarycomposition that could be obtained by EDS. With it, dhea

of interestcould be analyzed and matched withiadexedelementdatabas¢79]. The EDS
detector collects the signals of characteristicays from a wide range of elements in a
sample. Common resolution values are betweeri 28D eV. Typically Si(Li) detects are

used, which consist of a small cylinder of silicon and lithium in the fordicafe. The X-ray
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photons collected by the detector generate a speuiiicberof electronhole pairs. EDS

spectra are plotted as the intensity of characteristiay® versus the Xay range.

As a complement to the SEM analyses on the eseston of tle tested cells, EDSagalso
performed with the aim to study the chemical compositions between the different cell
componentskor this purpose, thBruker XFlash 5010 detector supported with the software
Quantax 400vas usedn combination with theZeiss WTRA PLUS SEM Insights about

contaminants on the catalytic layers or formation of new phasesalgeranalyzed.

5.3 Thermogravimetric analysis

Thermal analysis techniques allow to measure materials properties upon temperature changes,
with respect to dimesions, mass, phase and mechanical behavior. Among the most typically
used thermal characterization techniques, thermogravimetry (TG) allows to examine the
decomposition of materials by monitoring mass changes as a function of the tempg@ure

a scannig mode[82]. TG plots indicate the mass change (in %) versus the increasing
temperatureT G setups mainly include a microbalance, furnace, temperature programmer and
computer, where the key component is the microbaldhoeeasues mass change of-+/

Hg with a maximum mass of 100 mgG can be performed in either reactive (with corrosive,
oxidizing and reducing gases) or nonreactinerf) atmosphere. Typical gas flows of 15

25 mL/min are used for a sample mass between 2.@ndg[82]. Heating rates of 5 10

°C/min are recommended. For higésolution the heating rates can be reduced to 1 °C/min.
TheTG curves performed in this thesis were analyzed in different atmospheres

I.  The darkgreen gel tht was synthesizedduring the nitrate combustion method
described irsectiond.1, was analyzed by T@ith the analyzer Netzsch Jupiter 449C
in synthetic air at a nominal heating ramp of 3 °C/min from 25@ 1100 °g75],
with the aimto determine at which temperature the solvent evaporation was taking
place, as well as the sedlbmbustion reactionlhe lattertemperature was crucial for
the powder processingvithout knowing this temperature low yields were achieved
since on the first experimental trials the dgrken gel was placed directly on the oven
and takerout after thermal treatmermtt ~ 1400°C. Therdore, the setup frorrigure
18 was used to reollect the ceramic precursor after setimbustion reaction.

Afterwards, the ceramic precurs(ffigure 19) was placed in the oven for further
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calcinationup t01400 °Cl.lt is important to point out that during these analyses, it was
challenging to keep constant the amount of sample (approximately betivdenng
of gel), due to the high viscosity and complex sticky behavior. Despite this issue, the

results indcated reproducible values as showirigure26:

100

Air
—— L70SCrN
—— L60SCrN
—— L50SCrN
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Figure26 TGA of L70SCrN, L60SCrN and L50SCrN gels in air up to 1100 °C with a heating rate of 3 ° C/min,
where the temperature of selfmbustion reactio is specified, corresponding to220 °C for the three

measured gel sampld3lot adaptedrom [75].

Once the L65SCrN and L70SCrN cerampiowders were synthetized, TG analyses were
performed under reducing atmosph&emL/min of 5% Hi Ar) with the same device and
heating rate as previously described, but from 25 °C up to 12(8/{CT'he sample mass for
both powders was kept at22 mg. This time, the main purpos# these analygs was to
compare the reducibility of these two powdees to create oxygen vacanciesand thugo

exsolve metallic Ni nanoparticles. These resultdapctedn Figure27:
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Figure27 TGA of L70SCrN and L65SCrN powders in 5% A2 up to 1200 °C with a heating rate of 3 °

C/min, where the temperature value at the highest slope (DTG) is specified, corresponding to the fastest mass
loss.Plots adapted frorfb7].

5.4 Temperature-programmed reduction

Thereducibility analyses performedy means off G were complementedith temperature
programmed reduction (TPRYThis technique allows to characteritee oxidereduction
properties of bulk and supported cataly$tgically, a gas flow of Hor CO sweeps through

a bed ofsolid specimens placed inside a quartz tube, typically of 20 mm diandeter.
thermocouple placed inside the tube monitors the temperature while the furnace increases the
temperature with a heating ramp between20 °C/ min. A thermal conductivity deteato

(TCD) continuously monitors the effluent gas concentration and in case of changes due to a
reduction reaction, the signal response chaagesrdingto a change in the oxidation state

of the sample. Hence,PR identifies the temperature required to aativa metallic phase

[83], i.e. when complex oxides, such as LSCrN samplese being analyzedThe
characteristic reduction temperaturettod sample corresponds to the maximum of the TCD
peak Such peak could also be affected by #mount of sample loadhich could alter the
thermogram [83]. For reproducibility purposes,it is important to perform various
measurements with a nominal amount of sampléhe preconditioning shge inert gases as

Ar or He flush out the residual air andnoisturefrom the solid sampleThen, the main

parameters such as the, gas flow, heating ramapinal temperaturgwith its corresponding
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holding timeare selected Gas flowates ancheatirg ramps are also importavalues that
should be optimized for every type of sample: each catalyst requires specific conditions in
order to achieve a reproducible characterizai33).

In this thesis, TPR measurements were performed on L65SCrN and L70SCrN powder
samples, for which prior measurements were dioeder to findoptimal parametershown
in Table3, where mass catalyst was kept constant at ~ 0.05 g.

Table3 Experimental parameters for TPR measurements on LSCrN ceramic powders.

TPR parameters cas Temperature range Heating ramp Holding time
flowrate
Pretreatmen{Ar) 20sccm 30 °Ci 150 °C 10 °C/min 60 min @ 150 °C
Analysis treatment = 20sccm 30 °Ci 1100 °C 5°C/min 60 min @ 1100 °C
(5% Hoi Ar)
Coolingdown (Ar) 20sccm 1100°Ci 60°C -20°C/min -

These analyses were performed on the flomugh quartz reator TPDRO 1100from

Thermo Scienfic, Italy. TheL65SCrN and L70SCridowder ampleswere introduced using

quartz glass woolFor monitoring the sample temperaturegharmocouple (type K) was
placed in a thin quariglass tubgwithin the reactor tubeBy using the parameters described

in Table3, it was also found thahe offset between theampleand furnacéemperature was

of about 100 °C, meaning that under these conditions, the sample temperature was ~ 1000 °C
[57]. The resulting TPR diagrams are aaed inFigure28:
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Figure28 TPR of L70SCrN and L65SCrN powders in 5%-H2up to 1000 °C with a heating rate of 3 °
C/min. The temperature value at the highest detector signal is spedifiech complenent the TGA
measurement$lots adapted frorb7].

5.5 X-ray diffraction

X-ray diffraction is one of the most effective techniques for determining the crystal structure
of materials. Different compounds or phases could be identified within the crystal structure,
even if they preserthe same chemical compositif8y]. X-rays are higkenergy beams of
electromagnetic radiation with a characteristic wavelength. They are produced by electrons
at high speeds accelerated by a hightage field which then clitle with a metal target. For

this, an Xray tube with a source of electrons is required, as well as two metal electrodes
within a vacuum tubeTypical electron sources include a singlavelength ihonochromatiy

X-ray diffraction [84]. The principle of this characterization technique is based on the
diffraction of X-rays by periodic atomic planes at a specific aagié wavelengthé~igure

29). The geometrical interpretation of this phenomenon wasnghby W.L. Bragg with the

foll owing expressi anequdtient0[88:d as Braggodos | a
€ _ ¢Q i Q¢ — (60)

Wheren is the order of diffraction, the wavelength of the incident beam (in n@) is the

lattice spacing also in nm arethe angle of the diffracted beaas shown irFigure29:
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Figure29Geometry for diffraction from | BStice planes

The ptal intensity diffracted by a unit cell is described by the sum of the scattered intensity
from the individual atoms. The diffracted intensiti®s arecharacteristic of each phase from

which structural parameters can be obtained, such as the Htucture, space group, lattice
parameters and i ndex ah,ikand), comedpordiagsto tlieNamilyl e r ¢
of hkl planes that are phas@aracteristicTypically, BraggBrentano geometry configuration

Is used during the measuremenhjieh states that the distance between the sample and the
detector is constant for allkangles[85]. Commonly diffraction patterns are plotted as the
intensitydistributionversus¢—- as shown irFigure 30. Once the background is subtracted,

the maximum peak intensit¢) can be defined as the integrated inten$ity. The peak

width is generally characterized by the full width at half maxm{@EWHM), which

corresponds to the peareadth at half of the maximum intensity— [85].

Peak position 26

FWHM

Intensity / a.u.

Peak area li,:

Background
26

Figure30 Diffraction peakand information extracted from XRD patteAdapted fron{85].

With the aim to perform a qualitative anakysin a specific sample, a diffraction pattern over
a wide¢—range(typically from 20280°) has to be measuredcordingas much diffraction
peaks as possibléor which each phase produces a characteristic diffraction pattern that
allows its identificatn. After performing the XRD measurement, the different phases within

the sample could be identified by comparing the diffraction peaks with known database
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entries. The main available database is provided by the International Center for Diffraction
Data (ICDD) [85].

In this thesis, kystalline structure and phases werharacterizedy identifying the peak
positions on the experimental intensity profiles and matching them with database entries.
Once the phases were identified, the database matcriiads alloved to perform a first
estimation of the lattice parametefdter redox treatments, for instance after LSCN powder
reduction, the new experimental profile allowed to identify lattice changes with the peak shifts
to lower diffraction anglesas reported irf57]. Expansion of the late after reduction
treatment was assessed by tReetveld method, whichalso allowed to quantify the

phasefb7]. Details about this method are explainedéation5.5.1

These characterizations were performed wiRIGAKU diffractometer operating &t0 kV

and 30mA with a Cu radiation source and a BraBgentanocorfigurationin the range of
¢—from 20° to 80°. Crystalline phases were identified with ICDD database using the software
Match[57]. Additional XRD measurements were performed with the diffractometer Bruker
AXS equpped with aVANTEC-2000 area detect¢D8 Discover GADDS]54].

5.5.1 Quantitative phase analysis by the Rietveld ethod
Once the phasese identified, different methods for phase quantification are knmethod

with external standard, method with internal standard, method of intensity ratio and the
Rietveld method85]. Among them, the latter was used in this thesis with purpose to
guantify theelemental composition of th@erovskite phase of the LSCrN ceramic powder.
Analyses were performedr the powder samplegs apsr e par ed o and wifhaf t e
the purpose to quantify, besides the perovskite plesethe metallic nickel content after

exsolutionandotherimpurity phases

The Rietveld methodllows to simultaneously analyze sevgrahks of a whole XRD pattern
For this, the whole measured pattern is refined with a calculatedythtiezonsidersarious
structural and microstructural features, as well as experimental parameters. Such refinement

is performed by minimization of the functionrsequation(61) [85]:

Y 60 WE O DO ON O (61

54



Whereh¢ wdorresponds to the measured intensitiescaad éo dhe calculated intensities

at each¢—for positioni. The parametet; stands for a weighing factor taken from the
experimental error margins that are assditaebe proportional to the square root of the count
rate ®¢ o following Poison counting statistic§85]. Different factors for each analyzed
phase should beonsideredor the refinement, which are: positions of the atoms in the
elementary lattice,emperature factor, occupation factor, space group of the lattice, lattice
parameters, crystallite size, macrostrains and phase coritev®ver, there are various
instrumental factors that may not be ignored, suaiashifts (instrument errors), insment
profile, profile asymmetry, background, sample positioning error, absorption and wavelength
(emission profile)[85]. The refinement of the pattern is commonly based on the peak
description by mathematical functions such as Gaussian, Lorentzian, VoiggeudbFoigt
among others. One advantage of these functions is that they can be applied when the
instrumental details are unknown. Nevertheless, such functions are basedhematical
fitting which do not allow the direct extraction of microstructuratuess from the analyzed

patterns, such as crystallite size and macrostfasjs

In the frame of this thesis, tiparameters resulting froRietveld refinement parameters are
detailed in[57] and the observed and calculated patterns are shawgure31, whereNiO,

Ni and perovskite phases were identified and quantified.

o Observed @ Observed
é Calculated Calculated
Difference Difference
Perovskite Perovskite
| NiO . ¥ | Ni

Intensity / a.u

Intensity / a.u.

L
P

A
proeteirey

20 25 30 35 40 45 50 55 60 65 70 75 80 20 25 30 35 40 45 50 55 60 65 70 75 80

26/° 20/°

Figure31 XRD patterns of the agrepared L65SCrN powder (left) and of the reduced powder in 5%rH2
(right). Crystallographic parameters and to@centration of secondary phases were calculated from Rietveld

refinement and are detailed[B7]. Plots were adapted frofa7].
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5.6 X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopyRS) is considered as a very powerful technidoiethe
characteriation ofthe surface chemistry aflectracatalystd67], which in this thesis was the
L65SCrN. In principle, an Xray photon irradiates the surface of a solid sample withvan
energy Then, the samplemitsan electron from the inner shell of an atofthe sample by
means of the photoelectric effd86] [87], as shownn Figure32. However, these photons
have limited penetration depth: 1 to AM. Thereforethe detected electrons originate from
only few of the top atomic layers, which makes XPS ajueisurfaceensitive technique for

chemical analysg87].

@ Emitted X-ray photoelectron

hy
L,jor2p
— L,or2s

Korls

Figure 32 Principle of the XPS emission process for a model atom, where an incoming photon causes the
emission of an Xay photoelectron. Sketch adapted fri&@] [87].

With the kkkheoimctbdeeregnytted el ectrons, It
enerlgpygf the atomic orbital fr®wi whi lcd £ dlel
relationefQ@fti on

0O ® O % 62

Where%ec or r esponds to the energy required f ot
(depends on both sample materials and spectromleterp t he Pl an cvkodGhe c on
frequency of theX-ray sourcg86]. The atomic electrons have characteristic values for their
binding energies which allow to identify chemical elements, since photoelectrons are emitted
from different electronic shells arsibshells from the matergal samplg86]. Quantitative
analyses can be performed with the peak heighpedr areas. For instance, the chemical
states identification is typically dorey measuing the peak position[87]. Each binding

energy peak is denoted as an element symbih the shell symbol from where the

photoelectron was eject¢86]. ForexampleNi 3p, Cr 3s or Cr 2p, as shavin Figure33.

In regard to the SOC electrode materials, XPSuvalaable characterization technique since

it provides insights about their surface chemissigceelectrochemical reactions take place
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mainly on the surface of these electrocatalystgthout taking into consideration

thermodynamic reactions, such as RWGS when operated in-etectrolysis mode.

In the specific case of the L65SCrN fuel electrode, the main motivation to perform surface
analyses by XPS was to evaluate the ratio between Ni and Cr species on the surface of the
perovskite in two differenstates: agprepared and reduced, and then try to correlate such
ratios with the metallic Ni exsolution. The ratio betwdemi* and Cf*was also of interest
because an alteration in this ratio could lead to an expansion or contraction of the lattice,
constlering that the ionic radii (in an octahedral environmentlCiér corresponds to 0.55%

and 0.615A for Cr3* [57] [88]. Besidesthe concentration aEr** governs the conductivity of

this perovskite due to theoles(charge carriers’) thatare present on the Gites, such as
Cr**[72, 89] an discussed ifv4].

In this thesis, the surface chemistry of L65SCrN powderpresared and reduced (with

5% Hoi Ar from 25 °C to 1200 °C), was investigated by meanXB$ Figure 33). These
analyses were carried out on a setuphwa base pressure of 2xfOmbar with the
hemispherical analyzer ESCALAB250, from ThermoFisher Scientific and a monochromatic
Al KU s our cag ensrgytofiil486.7¢ X (XM1000, Scienta Omicron). The peak
shape analyses were performed with the software Unifitt 2013, by applgimglated
Gaussian/Lorentzian profiles and a Shirley background function. The surface stoichiometry

of the atoms/signals was calculated by using the numerically fitted peak®fpas

> Ni3p/Cr3s > Chromium 2p
= B Nio = [ cr (oxide)
% [ INi(omn), % B ¢ (hydroxide)
- Chromium = [ oa*
g .8 fm
= e o = s
% % reduced
E E
Q Q
S Q ol
— +=
] ]
= -
A~ ar A -
as-prepared as-prepared

85 30 75 70 65 60 500 585 580 575 570
Binding Energy / eV Binding Energy / eV

Figure 33 XPS spectra of L65SCrN powders {@&pared and reduced)eft: Ni 3p / Cr 3s spectra. Right:
Chromium 2p spectr&lots adaptedrom [57].
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5.7 Electrochemical characterization & Analyses

5.7.1 Full cell-test bench description

For theelectrochemical characterization of thdl squareSOCs, a test bench with four
paralleltestpositionswvas usedas shown ifr i g 31 40a each testing site an electrochemical

cell can be tested, for which thest rig provideswo gas streams: fuel and air/oxygédimnese

four cell positions are placed anmetallic plate (witha ceramic support). For heating
purposes, &urnace igplaced @erthis plateallowing tooperate at temperaturep to 900 °C

Cells are typically heated up at a rate of 3°C/mNma me | vy , for el ectrol
st ai-ntl esls evapoTaehmnaolTo@inesifietri at i veEeniGmrelrk it
Stuttgart) was installed for one cell posi
this evaporation system consisted on a moc
t hat pumpean waut & fhoirismttemrapor ator supplied w
within the fuel gas carrient hirlooung ht htaht® ecnetre
as shdowm8iEd eft anhagedTele 3dGut | et pi pe of t h
connected to the ceramic pipe by an assen
externatenhed®R ST 30) to a temperature of ~
guaranteed that thetphesdiumiaeai Eopderfaeetli o
However, condensati on probl ems coul d al sc
specifically when | ®tai-antigealphes .f uTrmearceaf otrheo,
pipes (below the mes athhecopénaleweéehatabsppl

avoid cooling of the gases below the dew p

Figure34 Cell test bench for high temperature electrochemical characterization of solid oxide cells with 4 cell

positions and} independent electrical loads.
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Each cell position is made of a ceramic cell housing, where the fuel inlet and outlet pipes are
placed orthe bottom and the air/oxygen inlet pipes are feed to the cells from the top with an
Inconel pipe Figure 36).Cell temperatures were monitored with thermocouples-&/pe

which were placed in designatiedles at three positions, where the inletéetdf the fuel gas,

as well as the air inlet were measured, also with the cell temperature. The latter was sensed
by a thernecouple located on a hole 1 raeep on the cell housin@n the fuel side, platinum
meshes were used for current collection on the perovskite cells. For the Ni cermet cells, nickel

meshes were used. On the other side, the oxygen electrode was contdictegoltmesh.

For ensuring an effective separation between fuel electrode and air electrode compartments,
a gold frameavasplaced on thelectrochemical cell with the purpageisolate both electrodes

by softening of the gold at high temperaturés (g 8 5 mght imagé. After placing the cell

and the gold frame on the fuel electrode head (fuel electrode facing down the platinum mesh),
the cell housing ceramic coverasplaced over the fuel electrode head arehtthe oxygen
electrode headasplaced over the oxygen electrode surfdeeifgupwardg. The air pipe

is placed carefully through a hole on the oxygen electrode head. For further tightness and
sealing improvement, five weights (eacl7éfg) made of Inonel are placed over the oxygen

electrode head, such dspicted inFigure 36.

For the commissioning processid regardlesBom the type of testthe cells were heated up

to 900 °C with a heating rate of 3 °C/min with flow oftfdgen on the fuel sidd slpm) and

on the oxygen electrode side wah airflow (also of 1 slpm)Then, the fuel electrode was
reduced by changing the gas flow framtrogenby hydrogen (also 1 slpm) and this condition

was kept for one houAfter reduction for 1 hour at 900 °@e operating cell temperature

and gas compositiongere adjusted, upon desired testimgnditions. Appropriatecell
tightness was checked by measuring the OCV and comparing it to the theoretical Nernst
voltage at the given temperature and gas compositaiculated by using equatio(, (8),

(16) and(21) depending on the operating modéese thermodynamic calculations were done
with the software CANTERA 3.[B2].
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Characterization techniques

Fuel gas outlet

o
B

Oxygen electrode
LSCF

Gold frame for
sealing

Y

Figure35Left: Four cell positions within the oven of the test bench. Right: Electrsiypported cell mounted

on ceramic holder.

Thermocguples

Weights (x5)

Figure 36 Left: Cell housing setup with fuel pipemlet and outlet) and air pipes. Right: Closer view of the
cell housing. Both images are complementary since thermocouples, weights and current wires are visible.
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5.7.2 1-V characteristics
The electrochemical tests were performed with the electronic load impiednen the test

rig, for different SOC operatingnodes. In SOFC operation the polarization curves were
measured from OCV down to@V at a rate of 0.01ATE!. In SOELand ceSOH. modes
polarization curves were perform&@m OCV up to a maximum cell \iage of 1.5V, at a
rate of- 0.012 AE'. In this thesis, different operating modes were characte(azdhown

Figure37) and discussed in the corresponding publications.

1.6

Voltage / V

860°C

—— SOFC: 90% K10% H,0 X
—— rSOC: 50% K50% H,0

—— SOEC: 20% H80% H0 ' DN
—— c0-SOEC (S/C= 2) .

—— S0A co-SOEC (S/C= 2) 06

12 -1.0 -08 -06 -04 -02 00 02 04 06 0.8
Current density / ®m

Figure 37 Currentvoltage {-V) characteristics recded at 860 °C of L65SCrN baségkl electrode ESC in
different operating modes: SOFC, rSOC, SOEC an8@&C Stateof-the-art (SoA) ESCs were also recorded
in co-SOEC modeData adapteffom [57].

Additionally, an attempt to characterize the L65SCrN fuel electrode undeele@olysis
operation was performe@here voltage was applied to the cell (in steps of 3 minufe
1.9 V and the current density was meas\Fegure 33. Unfortunately, further investigations
were not continuedince it was suspected theesence aimpurities on the supplied C@as,
which could be eventuallsulfur traces. The influence of those impuriteid not allow to
differentiate electrochemically between poisoning and consequences of a poadiole
depositionin the cell At high current desities (~-0.98 ATn1?) astrongdeactivation of the

cell was observed likely due @0O; starvation at this conditigfior which areactant utilization
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(RU) of 103% wascalculated For such high RU, it was assumed that carbon deposition was
possibly takig place on the fuel electrodikely due tothestarvatiorof CO; on the fed gas

the formed CO by electrolysiwas further electrochemicallyreduced to carbgnwhich
potentially was deposied on the electrode surfac&herefore,it was suspected thatish
phenomenon or carbon depositiotay havecausedhe strong deactivation of the gedls
depictedon the red areim Figure 3890]. For most of the electrochemical tests performed in

this thesis, the total gas flow on the fuel electrode wasdtdpslpm. Exceptions were made

for the ceSOEC operation, with a total giew of 0.84 slpm and for C@electrolysis with

0.1 slpm The latter low flow rate was chosen with the aim to achieve high current densities.
The flow on the oxygen electrode was always adjusted to have the same flow rate that on the

fuel electrode.

20 T T T T T T T r 1T 17T 17T 17T 17T 17 7717 14
1.8 4 RU =103 % A

1.6 + LE)
7 S S S N A _rlo <F
E 1.2 =
@ 1 = R 3
s 1.0 H é}
= Fos B
o 084 Voltage -
> 0.6 04 E
it
0.4 - - Fuel: 0.1 slpm CO, | E

I T e e S L 02
0.2 1 860°C U

——L65SCrN
0.0 I e I e 0.0

r~— 11717 17T 71T LI
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(=]
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Figure 38 Currentvoltage (+V) characteristics recorded at 860 °C of L65SCrN bdsgetlelectrode ESC in
CO2 electrolysis operation. Voltage was applied in steps of 0.2 V each 3 minutes and current density was

measured. Data presedtia [90].
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Following on Table 4 are themain features and temperature rarige the investigated

operating modes in this thesis:

Table 4 Temperature ranges and durability times of the different electrochemical tests performed in SOC

operating modes

_ Tested cells Durability Reference in
Operating mode Temperature (°C) _ _
(16 cnP) tests this thesis
L65SCrN
SOFC 860 _ ~170 h [54], [57]
Ni-CGO
rSOC 860 L65SCrN - [57]
co-SOEC L65SCrN ~950 h @ 860
_ 770, 800, 830, 860 _ [28] [57]
(H20- CO:; electrolysis) Ni-CGO °C
L65SCrN ~1000 h @ 860
SOEC 770, 800, 830, 860 _ [57][74]
Ni-CGO °C
CO; eectrolysis 860 L65SCrN ~96 h [90]

5.7.3 Electrochemical impedance spectroscopy
As previously explaiad, the operating voltage of an electrochemical cell experiences

significant losses, mainly attributed to ohmic and polarization (kinetics and mass transport)
losses. Each of these losses is characterized ddyysical process within the cell witla
specifc time characteristisand frequency responsaeaning that there are different rates for
these processesome of them are faster than oth@%] [92]. In order to characterize each

of these processesleetrochemical impedance egtroscopy (EIS)s the most common
technique to characterize the dynamic behavior (or impedance) on electrochemical cells by
applying a sinusoidaderturbation urrent or voltaggto the cell and measuring the amplitude

and phasehift of the responsg2]. This method is based on smaifjnal pertubations, that

also reveal the relaxation times from these different processes over a wide range of
frequenciesQOverall, the various chemical and physical processes that take place within an
electrochemical cell in operatiaare complex noitinear relaonships between voltage and
current density, whiclare characterized by the electrochemical impedaidde Y T2&[94]

[93]. Impedance measurements could geformednear to OCV conditions or under a
specified current density, as shownHigure 39. Taking the example in which a sinudal
current®  ‘QO E 1 0 is superposed to a defined range in curtegatandapplied to the

cell, the voltage response is measured as:
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wo ®] OET 01 %o (63
Where| ¢“ "@Hz) corresponds$o the angular frequency and %o to the frequency that

is a function of the phase shift between current and vol@tje

From the relatiorm 6 " w1 , the complex impedance response is calculated as the

ratio between the complex solution of the voltage response and current such as:

WO . .
@1 N LQQ W 0 Y QT W O & Qaac (64

Whered corresponds to the real part afedteethe imaginary part of the complex impedance,

with 'Q M p. A galvanostatic measurement is employed for describing the sinusoidal
applied peturbation as current. In case of an applied voltage perturbation, the measurement

is known as potentiostatj62].

Cell voltage / V

Vocv

Vcell’ + V(t)

Tjpaq + i(0) Current / A

Figure 39 Sketch of the-V curve during impedance measuremenSOFC modeA sinusoidal current of

small amplitude™@ is applied to a defined bias curtdi.s and the voltage response® is measured.
Adapted from{92].

Impedance measurements are performed in a discrete range of frequency, for which the
impedance response is plottedimong different plots for reportingomplex impedance
measurements, the most common are the Nyquist platee@susceand the imaginary
impedance plot wexazsus’Q, as shown irfFigure40. Typically, both of them are reported

since the different electrochemical processes within the cells can be characterized and

s oA

identified withthese variableg o PA T "® However, it is also usual to only report these
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results with the Nyquist plot. In such a case, the frequency decades should be also depicted

on the plot.
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Figure40 Typical EIS spectrumeahicted with thé€a) Nyquist plot and with théb) imaginary impedance plot.
Data were recorded for an ESC operated in puredl€atrolysis at 860 °C under cathodic polarization of 1
V. Plots adapted frorf90].

Impedance measurements are also complementary ievtlehalacteristic measurements.
For instance, taking the Nyquist plot, the high frequency intercept b corresponds to
the ohmic resistanc¥ , While the intercept at low frequencigs © 1t is the resistance

value that can be obtained as the ins&ope on the-V characteristic curvat a specific
operation point. If the difference between these two intercepts is calculated, the results value

corresponds to the polarization resistaice [92]. This resistance also corresponds to the

sum of the associateésistance values of the difent voltage lossggexcept for the ohmic

losses)as explained isection2.8.1

In the frame of this thesifklS measurements were performed with different setups.
Symmetrical button cells (with active surface area of 0.@88 were characterized in
potentiostatic modeén four-wire mode with a Novocontrol Alpha impedance station in a
frequency range from 50 mHz to 100 kHz and amplitude of the voltage stimulus of 50 mV in
the symmetrical cell test benelhTU Wien, Research idision Technical Electrochemistry

in Figure41, right. Equivalent circuit model fitting of the impedance data was performed with

the commercially available program ZView@4].
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Figure41 Left: Electrochemical workstation SEO0 from BioLogic Science Instruments at DLR. Right: Setup
for symmetrical button cells electrochemical characterization alfbvocontrol Alpha impedance station at

TU Wien, Research Division Technical Electrochemistry.
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5.7.4 Equivalent circuit models
The various impedance contributions within an electrochemical cell candbgatedwith

equivalent circuit modelE=CM). Such circuits are typically constituted by different electrical

elements, such as inductors, resistors and capa@trs

1 Inductor: Due to the inductivity present on the wgrin electrical connections on
the test bench and also on the impedance device, there is a contribution to the EIS
spectrum that is purely complex and positive. This contribution is also considered
as a measurement artifact that could be corrected byastiby its impedance

contribution from the EIS curve. However, such artifact could be redimed
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twisting the cable$95]. For frequencies © Tt the inductance) tends to zero,

whereas for higher frequencies it is expressed as:
@ Q0 (65
1 Resistor: The impedance of a resistor is not dependent on the frequencies and
therefore it does not present a complex part:
(&) Y (66)

1 Capacitor: On the contrary, the impedance of an ideal capacitor doaesenta
real part and tends to zero for° Ho:
P P
— . @ (67)
Qo 1o
Different series and parallel arrangements of these elements, as well as other more complex

o)

combinations between them, describe various elgutmmical processes with their respective
characteristic frequencies identified by EIS analyses. The simplest configuration of these
circuits corresponds to the R&ement, which is a parallel connection of a resistor with a
capacitor, as shown igure42, where thecapacitance element can be better desdmbtn

a constant phase element (CPE), also denotededsn@ent

L Rohmic Rpol
o A% —
>_
CPE

Figure42 Sketch of equivalent circuit model of an R@ment Ryo is denoted as Rnd the capacitor Q as
CPE.

The RQ element is also considered as the building block of most of electrochemical systems. Their complex

impedance response is expresse®2aK[96]:

Y
X —_— (68)
@ 1 p Yo
The capacitance ahe Q-elementan be calculated §32] [96]:
G101 = Fr & p (69



For € phd 1 behaves asmaideal capacitor withcd  68The characteristic time

constantt  as well as the corresponding frequency loarcalculated a92] :

T YO (70)
o . P 71)
Q o T

Other more complex elements that descu@gousdiffusion processem SOCs electrodes,
arerepresentedby the Warburg and &ischer element®2], which are discussed imore
detail in[91] [92].

5.7.5 Distribution of relaxation times
Someof the different processes that take place within an electrochemical cell could have

similar relaxation times or range of frequencies, which make more difficult tndelute

each of them withlifferentcombinations of RQ elementgnfortunately, the selection of a
specific ECM is not a straightforward procedure, since some ambiguities or rough
assumptions about such proasshould be made. Various different ECMs glio be
proposed until an adequate option that include®alnost all othe processes contributions

is appropriatewhich at some end an indirect assessment of the EIS behawiaralternative

to this issueis the use of the distribution of relaatitimes (ORT) method which consists

of an infinite number of RQ circuits in seriepresenting the totaAf , where the impedance

can be expressed in termstbé ohmic resistanc¥ andthe distribution of relaxation
times/ 1 [91] [96], as shown in eqiion(72):

. [T
'Y Y — (72)
W] o Q QrT

Where the term inside the integral includes the contribution of the total polarization resistance

and relaxations times between the intefvahdt 'Q T Thecontinuous function t could
be approximated with a discrete expressidérN logarithmically distributed RQ elements
[97], such agquation(73):

I (73
p Qt

For whichr corresponds to the contribution to the to¥al of the i"RQ element with

() Y Y

relaxation timet [97]. With this assumption, the area under each peak in the DRT resulting
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curve corresponds to the polarization resistance of the corresponding process, typically
reported in( Y T3c[91)]. In this thesis, DRT calculations were performed with the impedance

analysis and modelling software-iglea from[98], as reported if67].

5.7.6 Chronopotentiometry and chronoamperometry
There are various techniques that allow to monitoetaetrochemical cell performance and

degradation during a specific period of time. Among them, chronopotentiometry consists on
fixing the value of the applied current (or current density for benchmarking purposes) and
monitoring the response on the celltage (potential). On the contrary, chronoamperometry
consists on holding the cell voltagenstantand measuring the current variation over time

[99]. In the frame of this thesibpth techniques were used.

Chronopotentiometry measurements co-SOH. and SOH. operating modeswere
performedLong-term test in ceelectrolysis operation was performied 950 hours at a fixed
electrolysiscurrent density 0£f0.45 A T c?rand at a cell temperature of 860 °C[57].
Similarly, 1000 hourdestwasperformedin SOB. operation at 860 °C with a fixed current
density of-0 . 6 7 -2 [VZ].cFor both testsgalvanostatic EIS measurements at OCV were
performedat regulatime interval in order to evaluate the cell performance and degradation
Shorter chronopotentiometry measurements in SOFC waafermed for 94 hours at 0.5
A T c?at a cell temperature ef 860 °C. Afterwards, a series of 4 redox cyslesapplied

to the cell by purging the fuel electrode witixygen flow for 45 minutes. Then, EIS
measurements were performed in order to chaiaetéhe recovery in performang¢g4].
Chronoamperometrsneasuremenia SOFC modevere performed for ~ 175 hauat a fixed

cell voltage of 0.6 V, where the current density was monit@edeported ifb4].

5.7.7 Conductivity measurements
The performancef electrochemical cells is strongly dependent on the elattonductivity

of the electrodes. Despite the challenge to deconvolute the ionic condugtivifyom the
electical conductivity, in MIEC peroskite-based electrodes, it is possible to assume that
R [100]. In semiconductors, electrons and holestheecharge carrierthat move
under the influence o#én electric field. Such motion generates an electrical current, also
known as drift current, which explains the electrical conductivity phenomenon in this type of
solids. The magnitude of the currendicates if the solid is good conductor, which is also

proportional to the density of the mobile (electrical) charge cartisce, by the general
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form of Oladnfiis cutremt® , istptoportional to the electric field strend
as described in equatioir4). This proportionality factor is,, (S Tk ypically, the

conductivity could also be expressed in terms of its inverse value, which is the resistivity
[101], as show in equation(75).

e . O (74)
P (75
With the Van der Pauw methatie,, can be quantified through estimatiori ¢ff the teséd
material is a flat sheet with known tkinessd. By applying a direct voltage to two contact

points on a material sheet with the formFigure43, the direct current is measured on the

other two contact points, for which the resistance value could be estifh@gd

P

Iz
@)

N

Figure43 Simplification oftheresistivity measurement when the sample has a line of symmetry. If two of the
contacts are locatedn this line and the two otheese symmetrically located with respect to the line of

symmetry, then one measurement is enoAglapted from[102].

In the ideal casef a flat lamella, completely free of holegth a line of symmetry, the

resistivity can be estimated d92]:

vy (76

—
>
¢

However, for the general casecan be estimated akown inequation(77), wherethe factor
f is a function of the ratio betweé&h y ¥Y  , asequation(78) [102]:
“ QY i Y

S z"Q (77)
I 1g G
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For practical purposes, the plot tlieescribesoshis depicted if102] and[103], wheee the

(79)

values off can be read as a function of the measiXed, TY

In this thesis, the electrical conductivity of the perovsk#sed fuel electrode was measured

on thin L65SCrN films that were screen printed on inert 1x1 ci@#dubstrates aniited at

1100 °C. On these samplésander Rauw measurements weperformedat TU Wienwith

the purpose to determine the sheet resistance and conductivity, by wangpeyratures and

gas composition@vith and without humidification)These experiments were performed in a
high-temperature chambegtsup whichconsists of a fused silica tube inside a tubular surface
as described if103][104]. The analysis and discussion of these experiments are detailed and

reported in74].

The followingchapteentails the general discussioithe results of this doctoral thesis vitith
the current scientific context Discussion@nd analysefrom the labscale up to the system

level arepresented
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6 General discussion In scientific context

In this chapter, various aspects are discussed with the main purjuegeting thigloctoral

thesis in the current scientifaontext of the different scales of the SOC technekg

Firstly, a brief historical perspective of the evolution of SOC materigiseisentedwhich
explains when and which materials were introgld focusing on the most commonly used
materials for the fuel electrodesmd discussing also about the technology readiness level
(TRL). Secondly a comparative assessment of the L65Sf0eNl electrode at the cell level is
presentedn termsof howtheseperovskites ampetewith thestateof-the-artin the different
SOC operating mode3$hirdly, the scaleup to larger cell areas is discussed considering the
mechanical behavior of ceramic materials subjected to different types ofdtesn states
during SOCs typical operation regimé&snally, to evaluate how this thesis contributes to the
scaleup of these perovskite electrodes,real case will be taken as exampléth main
parameter theequiredhydrogen production ratnd the required power inpUthis example
caseillustrates how these perovskites could be implemented to the macro(-skBi¢)
electrolyzersand what would be the benefllaving that in mindgcritical raw materials
requirenentsfor such macro scales astimatedor the case aftde-of-the-art materialsand

also for L65SCrMNpervoskiteelectrodes.

6.1 Historical perspective on the evolution of SOC materials

In order to integrate the use of a perovskissed fuel electrode in SOCs, such as the
L65SCrN electrode investigated in this dis it is important to start to discuss and analyze
its performance within the historical background of SOCs in different industrial applications,
as well as at the laboratory scales. Thish the aim to develop an insight on time scales that
were requied for the introduction of thstateof-the-art materials, witha main focus on the

fuel electrode, and also to understand when and why they were implemented.

The history ofthe electrochemicatells datesback to 129, when Christian Friedrich
Schonben discovered the operating principle of a fuel cell. In 1838 Sir William Grove
developed a wet e | | battery, call ed A Grove cell o

electrolysis of watef105].

Focusing on the high temperature applications, the eébaded materials started to show up

on scene.n 1899Walther Nernst discovered the ceramic material that consisted of 85%0 ZrO
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and 15%¥0;, call ed fiNernst Masso, which | aid t
the solid oxidecells[105] [106]. Thefirst concept of a solidxide electrochemical cell for

power generation (SOFC) was demonstrated in 193Ery Bauer andH. Preis using
materials such as zircamn, yttrium, cerium, lanthanum and tungsten ogidperating at

1000 °C[105] [106]. In the 1940s, the Russian O.K. Davtyashdedmonazite sand to a
mixture of sodiumcarbonate with tungsten trioxide and soda glass, with the purpose to
increase the conductivity and mechanical streraftthe electrolyteg107]. Other studies

began after the pioneegnmesearch by Carl Wagner in 1943 since he attributed the electrical

conductivity in mixed oxides, such as doped zirconia, to the oxygen vacHritégs

In 1962,researches at the Westinghouse Electric Corporation presented a publication with
the title fia solid electrolyt eASCtubeldrSQFEIl | 0,
using zirconium oxide and calcium oxid&05]. They successfully produced anested

various SOFC power systems between 5 and 250 kW between 1980 anfda&90nder

the name of Siemens Westinghouse Power Corporation (SWIP€)e ecermetof Ni-YSZ

was used aduel electrodematerial [108]. Beyond thepower generation mode, high
temperature electrolyzers werevestigated and developdéy Donitz and Erdle at Dornier

GmbH in the 1980s. They developed a commercial SOECellOstack for hydrogen
production based o[h09]tukirg axfuelrelectrqale a-Merkhet flikelig | 1 y o
Ni-YSZ) in tubular architecturg 10-112].

At this point it is noteworthy tostop on the timeline anchention the development of the
well-known NiYSZ cermefuel electrode, who was introduced by H. S. Spacil in 1970. Prior
to this, early research using singlease fuel electrodes inclutigraphite, iron oxide,
platinumgroup metal catalyst{PtGMs) and transition metals[113]. Unfortunately,
significant problems were identified with these materials. For instance, graphiteundso

be electrochemically corroded, and platinum spatitfdn operaion (likely due to water
vapor evolution at the metakide interface). Regarding the transition metals, iron was
corroded due to the increment in p@eading to the formation of rexblored iron oxide.
Nickel presented a considerable thermal expansi@match incomparisonto the YSZ
electrolyte but also presented serious problems of coarsehingg operationobstructing

the pores and reducing the TPBs required for the electrochemical redat@asSpacil

stated that doping YSZ with a transition metals the best option to overconthe difference
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in thermal expansion that would lead to mechanical failure of the cell and theparétaé
coarsening during operatiphl3][114]. He also recognized that the role of the ceramic phase
was mainly structural, duto the retention of the dispersion of the metal particles, as well as
therole of theporosity of the fuel electrode during lotgym operationSpacil also identified
thatthe oxideion mobility of the YSZ phaseascomplementaryo the electrical conductivity

of theNi metallic phase, which enhanced significantlyelectroatalyticactivity of the fuel
electrodeandhencethe performancgl13]. Since then, NiYSZ has been thdominantfuel
electrode materidor which unfortunatelyymportantissues have been also identified mainly
in operation with hydrocarbebaseduelsdue to carbon deposition in the fuel electroae

mentioned irsection2.11.5

Another important stop on tharteline of materials research for SOC applicatishsuld be
takenon 1989, whenCGO-based fuel electrodewhere introducedAfter noticing the
problematic operation with hydrocarbbased fuels with the NYSZ cermet as well as the

loss of conductivity de to Ni agglomeration and lack of TPBs, researchers proposed the use
of MIEC electrodes that could overcome these isdo@sthis,CGO was a good candidate
due to its MIEC properties and also good tolerance against carbon depdtsitios.regard,

M. Mogensen and J. J. Bentzen reported the ukebé¢lectrodes based on mixtures between
CGO(Ceay.s5Gh.1801.929 andTZ3YA, tetragonal ¥Os doped zirconidZro.94sY 0.05401.979 for
methane oxidatiometween 806 1000 °C[115]. In their observations, carbon deposition
mechanisms were not observed nor identified. However, they reported cracking issues on
these electrodes during redox cyclimgused bythe expansion of the Ce@hase during
reduction and contraction during oxidati¢hl5]. Other doped ceriaformulations were
introduced, such as in 1992 by I. S. Metcalfe et al., wiestigated niobiaoped ceriduel
electrodedor the oxidation of hydrogen, methane and progéié] [117]. Furtherdoped

ceria formulations were investigatesuch as C&r oxide and Ce-Y-oxide Other
combinationsf ceria dopeavith Cu, Ag, Au, Ni, Mn, Mo, Cr, V, Fe, Co, Ru, Rh, F&, Ir,

and Oswere also studiefl 18].

Focusing on the Ndoped ceria fuel electrodes, early research wasmpeed around 1995.
At that time, the Japanese company Tokyo Gas repopateat that describes a method for
preparing a fuel electrode for SOFCs based ociY Xls-dopedceria[119]. In 1997, Sulzer

Innotec Ltd. repded electrochemical investigationos SOFCs using a fuel electrode based
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on NiCGO[120]. USA researchers investigated in 199900 fuel electrodes in button
CGO-electrolytesupporteccells for hydrogen oxidation between 500 °C and 7001Z1].

In the same year, Sulzbrmotec and Sulzer Hexis Ltoeported the performance of a SOFC
stack formethane steam reforngrat temperatures between 600 °C and 800122]. Their

stack consistedf 63 CGO1l10basecelectrolyte supported celising LSCF oxygen electrode

and NiCGO fuel electrode. Each repeating unit was of 120 mm diameter and the active area
of each one was 100 érf122]. Unfortunately, they reported that selipported CGO cells
werenot suitable for applications in SOFC for steam reformioigfor operation with natural

gas due to the cracking of the ceria under system operating condlittifjsBesides such
cracking issue in NCGO electrdes, researchers in the United Kingdom reported Ni

coarsening in these electrodes also under steam refocomaitions[123].

Having in mind the use of these-Based cermets, such as¥Y%Z and N+CGO, itis now
possible to continue with the timelinBuring the 90gdecade, planar SOFC developments
were introduced in many corners of the world. In Europe, companies such as baimler
Benz/Dornier (Friedrichshafen, Germany), Siemens (Erlangen, Germany), Swxer H
(Winthertur, Switzerland) were pioneers. German institutions as Forschungszentrum Jilich
(FZJ) and the German Aerospace Center (DLR Stuttgart) developedsupjaated SOFC
stacks and metaupported concepts, respectivgly)8]. The stack design from FZJ was
based on a countéilow arrangement, which vegpreferred for operation with natural gas for
internal reforming. For this application, they designed-#a§6ér stack using NYSZ as fuel
electrode, delivering 11.9 kW at 800 {008]. This case served as an example for other
companies and institutions for the development of arsogigported stacks, such @obal
Ther moel ectric ( Can a damnark), Sukzdr Hexrs (SWitzgrland)/ Ri s
Delphi Automotive System$E, Laurence Livermore and Pacific Northwest National Labs
(USA), Nihon Gaishi, Tokyo Gas (Japan) and the Korean Instituter of Energy &tesear
among others Several others focused their development also in electrsiygported
technologiesR i gDenmark)until ca.1995 Fraunhofer IKTS (Germany), Webasto/Staxera
(Germany), Cummings/SOFCo (USA), Nippon Shukubai and Toho Gas from Japaii, as we
as CFCL in Australiaalso knom an CFC GmbHwho also focused on anodmipport
technologiesCeres Power (Great Britaifdcused their activities in metal supports (MSC)

implementing CGO electrolytes for operation at ~ 55(01W3].
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In the decade of the 2000s, important developments at the cell andestlakere initiated

for different applicationssuch asresidential, commercial and power plafi®6]. ASC
architectures with N¥SZ fuel electrodes were continued, mgikln own by HAIl dor
Ri $SOLIDPower and-ZJ. After acquiring CFC GmbH in 2015, the manufacturer of the
BlueGEN SOFC systeii24], SOLIDPOWERASC-architectures were implemented witith

their BlueGENcommercial micro CHP (combined heat and power) sysiath,70 planar

ASCs with an active area of 80 €f125] [126]. Metalsupported cell and stack have been
developed with the aim to offer system solutions. One example oistiihe cooperation
between Ceres Power and the Bosch Grough the SteelCell® technologgf metalt
supported cell architecture from Ceres Power, they aim to achieve an initial annual production
in Germany of around 200 MW of SOFC for 20227]. There areother companies that
passively contribte to the SOFC Research & Development (R&D). This is the case of Bloom
Energy (USA), one of the biggest SOFC suppliers (~ MW capacity). Unfortunately, the details

of the cells architectures and materials are not available for the [L&fic

Focusing onESC architecturesdNi-CGO fuel electrodes were gaining reputatwith the
stacks and modules from Staxera GnjbER]. This company was founded in 2005 as a start
up Fraurhofer IKTS known also as Webasto. They were onehef first SOFC suppliers
worldwide to offer offthe-shelf stack modules (ISM) as standardized pro@iL@®] [131].
Each of those ISMnodules was constituted of two MK200 stadkach stack was made of
30 cellswith a porous fuel electrode of \OGO, a dense 3YSZ electrolyte and an oxygen
electrode ofdouble layered 8YSZ/LSNLSM. The totalthicknessof each cellwas160 pm
with an active area 127.8 c¢m129]. In 2011, the company Sunfir6mbH acquired
WebastdStaxeraas nucleus for subsequent electrolyzer developnigd®y, from which the

currentstandard stack model was the one proposed by Staxera.

Nowadays, Sunfire Gmbls an active partner on the energy transition across Euhopeng
various of their projects, it is noteworthy to take the specific example of their consortium on
Salzgitter AGfor producing green hydrogefthis is the first implementation of a high
tempeature electrolyzer on the MW rangestalledat the Salzgitter Flachstahl steel plant
The main purpose is to produce 200 Wnof hydrogen (18kg #h) at nominal power input

of 720 kWwith a system of 8SSOECmodules each with 36 stacks and each stack\gd
ESCs,. e.with 8640 cells in tota]133].
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With this historical backgroundroSOCsand focusing on the fuel electrode developments, it
is possible to inquirgvhich are the fuel electrode materials in nowadays SOC systemys

they were slectedand how much tim&ok their developmeriio come to the current status

In summary, hie stateof-the-art materialsfor thefuel electrode are mainly Niaseccermets:
Ni-YSZ in ASGsand NiCGO in ESCs

9 Starting with the YSZ electrolytes in 194the NiYSZ from the 1970s waa
noteworthy progresdue to the high catalytic activity of the Ni and the mechanical
support given by the 8YSajiving outshining performances at the early 90s in
SOFC tubular configurations (~ 250 kWhlowever, important sues during
operation with hydrocarbonsxhibiteda drawback on these composités.the
same time, theplanar architectures were starting to appear. All in all, it took
roughly 50 - 60 years to develop th composite andidentify promising
performances asell as relevant operating issu8&ce2004 ASC-planar systems
started to be studied (~ 13 kW) and nowadays modules3% kW have been
produced with this technology.

1 Ni-CGO fuel electrodefiave had anore recent historyln 1989, ceriabased
electrdytes were firstly introduced already in planar configurations, with the aim
to overcome the abov@entioned issuasn Ni-YSZ andalso due to theeriaMIEC
featuresHowever, microstructurahismatches during high temperature operation
were identified In 1992 transition metal doping on ceria oxides was investigated,
from which the most promising cermet was®&O, resulting in a cermet with
high catalytic activity as well as better thermal expansion behavior than the ceria
electrolytes confirmed with vaous studies around 199Roughly since 1995, the
ESC architecture started to be implemented and from the 2Q@s systems have
been producedachieving SOEL operation in a ~ 90 kd¥ale.Hence, for this

cermet almost 30 years were required for achgthe current technological status.

Concerning the different SOC operating modaé@th stateof-the-art electrodesvarious
technology readiness level (TRL) for these technoldupee been reporteRegarding SOFC
systems for stationary applications alLT& ~ 7- 9 has been reported, due to already field
proven commercial systems. However, SOEL systems present a TRL of ~ 6 (with large scale

prototypes). For the reversible operatiamRL of ~ 4- 5 has been reported, possibcause
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of the different mematches and microstructural alterations that thesbabkd cermets

undergaby switchingoperatingmodeq134].

From this point, it is relevant to mention recent developments with perovsised fuel
electrodeslndustry andesearch have been proposing the use of alternative perelvakid

fuel electralesto overcome the abovwmentioned issues of the Ni cermets in the different
operating modes of the SOQs.2014, the research group from J. T. S. Irvine (University of
St Andrews, United Kingdom) in cooperation with the company Hexis AG (Switzerland),
implemented &uel electrode backbone ofanthanum and calcium edoped Asite deficient
strontium titamte impregnated with NCGOfor a SOFGstack with ESCs of 100 chactive

area [135]. They performed testsn both short stacks-cell) setup, as well as on the full
HEXIS Galileo system (nominal 1 kW)hey concluded that the perovskite backbone
provided enough electric conductivity to overcome ohmic losses. They reported power
densities up to 200 ATcm? at 900 °C, which coulthe compared to thii-cermetstateof-
the-art fuel electrodesRedox stability was also confirmed, contrary to shéur tolerance
which could not be achievgii35]. Despite those issues, their research is a key starting point
for the scaleup of perovskitebased fuel electrodes on ESC architectures, from which many
other researchers may learn and improve the identified issues during opanatipassibly

also during the manufacturing processes of these perovsists stacks

We could questiorwhich is theStatus Quoof the developmenbdf perovskitebasedfuel
electrodesfor SOCs.It was just 8 years ago that a perovskitenate electrodeitanate
(impregnated with NCGO)was introducean an ESCstack(from 5 to 60 cellspchieving

1 kW of power in SOFC operation, as well as a comparable initial performance to the typical
Ni-cermetsDespite of this achievemerit,is not possible to place the development of these
electrodes in parallel to the MIGO cermets, focusing on ES&chitectures. Crucial
operational challenges, such as the impurities tolerance (sulfur and coking) should be fully
understood and investigated with plenty of different gaspositionsin the typical SOC
operating modes. Very importamtould beto perfom all of these investigationduring
significant periods of time (~ 20 00060 000h for instancg ensuring low degradation rates
Other sources of degradati@ng.the loss in properties or significant microstructural changes

should be addressed. Thespects also count for ASC architectures, in which other relevant
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features, such as mechanical properties (hardness, fracture stigelgtistrength among
others)couldbe more critical than for ESC

Having these aspects in mind, it could be possibkssign a TRL of ~ 8 4 for theactual
development and implementation of perovskite electrodes in ESC stacks. Even though there
are already good results in performance, issues as the loss of conductivity of the electrode
upon longterm operation period®or as the tolerance against sulfur, should be addressed
beforeupscaling these electrodes to demonstration prototypes difeealstems (TRL ~ 5

7 ) [136]. However nowadaysthe learningcurve of the differentesearchinstitutionsis
becomingmore and more steepy allowing theshareof experiences andsuesn thescale

up. Thereforeif the development of the NCGO-based systems took roughly 230 years,

it does not imply that the same time scale woulddmxedor the perovskite electrodes. With

the example of the HEXIS stig, and with the different drivers of replacing or reducing the

Ni contents on these systems, it could be possible to believe trsdaleep of perovskite

based SOC systems could take roughly offewr 15yearsfrom now, coping also with the

objectives for thecurrentenergy transition

All in all, this would also be a function of the further SOC architectures developments,
including different cell areaandalso of theavailability of the differentaw materialsequired

for thescaleup of these syems. These aspects will be discussed in the following sections.

6.2 Performance comparison in different SOCs operating modes

Consideringhow the SOCs materialeveevolved it is possible to locate the L65SCrN fuel
electrode witrstateof-the-art dataon the comparativd able5. However, since theraeno
data on the stack level with this perovskite electrode, the compasipogsentedt the cell

level.
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Table5 Performance comparison of L65SCrN futdatrode cells with statef-the-art in SOFC and SOEC
operating moded-or the case of ASCs 8YSiasused as electrolyte while 3YSZ for ESCs.

Operating modeA SOFC SOEC
Power Produced H
, Oxygen Fuel generated (x 10°kgThr
Architecture electrode Electrolyte electrode (WEM?) TEM?) @ Vin Ref.
@ 0.6V 1.29V
. 0.75 ~3.7 [137]
ASC LSM/YSZ 8YSz Ni-YSZ @850 °C @850 °C
- 0.60 ~2.8 [54][74]
ESC LSCF/CGO 3YSz Ni-CGO @860 °C @860 °C
0.54 ~2.8 [54][57]
ESC LSCF/CGO 3YSz L65SCrN @860 °C @860 °C

Regarding ceelectrolysis, other perovskite formulations have been investigatech twitton

cells with smaller active areas, besidesHexis stack results reportealy J.T. Irvine[135].

A comparison of the different performances of these perovskite electrodes, as well as with the

stateof-the-art materials ispresented infable 6. The production rate of the syngas is not

depicted since such value would need to be calculated with different assumptions for each

case. Bypasand/or leakagesf the gas flows, as wedlstightness and flow wpntities, are

variables that may affect significantly the rate of gas produced. Also, and more importantly,

is the influence of the RWGS reaction, which at some point will compete with the

simultaneous electrolysis dfi:zO and CQ. Therefore, the achievedurrent density at
thermoneutral voltage for eslectrolysis (1.32V) could already gian insight about the

performance of the different cell configurations:

Table6 Performance comparison of L65SCrN fuel electrode cells with-stetes-art in ccSOEC operating

mode.
O cewoye U, e S Ut g
LSM/YSZ 8YSZ Ns'u;%r't 16 cn? s/ic=1 ~@18A5§[,"; [20]
LSCF/CGO izspzo'rt Ni-CGO 16 cn? sic=2 '@S'géﬁrgz [28][57]
LSM/YSZ Ssucpep%ﬂ LCT-Ni  0.4cnf sic=1 C%ZZSG?ST i 5]
LSCF/CGO i:;?ngrt L65SCIN 16 cnf sic=2 '@g'gé?ﬁrgz 57]

From both tables it is clear that the ASC architecture that host the&/Sr cermet is the

alternative with the higher values for power generation and hydrogen prodyeationis the
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case of ceelectrolysis the one with the highest current densityiis featire is mainly
attributed to the low ohmic contributimn ASCs.However, it is importanhereto note that

these comparisons are only made at the initial performance of the cells and do notdave
consideration thelegradation issues on the letegm, which are the main drawback of the
Ni-YSZ cermets What is possible to learn from this architecture is that the low ohmic
contribution of the thin electrolyte is an advantage for achieving higher current densities in
either mode, due to the lowASRutal that could be achievedmongthe ESC architectures,

Is possible to observe how the L65SCrN investigated in this thesis could compete with the
Ni-CGO. In regard to SOFCoperating mode, the NICGO showed slightly better
performance, producing 0.6 ®?in comparison to the L65SCrN with 0.541#? (both
valuesat 0.6 V and 860 °C). Such difference could ffeced by the mounting procedures

but alsaby the thickness of the fuel electrode layer, which at some end will affecténkace
resistane (and also th@hmic resistangeand hence théSR.a and the current density
achieved at this voltage. In this thesis, such results are detajtet].ikor steam electrolysis
operation, as well as for agectrolysis operation, the performance among these two fuel

electrodes is even more competitias described if57].

On one hand, in celectrolysis operation at 860 °C, both fe&ctrodes presented the same
performance behavior, achieving an electrolysis current density0& Atm? at
thermoneutral voltage, as shownFRigure 37 In the frame of this thesifoth cells were
tested on the same test bench vaitimparableoperding conditions, as detailed [7]. In
regard to the other perovskitased fuel electrode b.@Ca.sMio.oeTio.sdOs (LCT-Ni),
performance in c@lectrolysis may not bdirectly compared. Important parameters such as
the temperature and the steam to carbon ratio (S/C) inflssguécantly thecell operation

not to mention théuel flow rateandflow configuration, which in small button cells of 0.4
cn? active areg59] differs significantly than thenes forsquare geometries with larger areas.
Also important is the different electrolyseipportthat was employed. Surprisingly, the LCT
Ni cells showedower perfamance {0.52 Akn?) than the L65SCrN despite the better ionic
conductivity of their electrolyte support, since it has lreported thascandiadoped zirconia
electrolytes present higheonic conductivities thanyttrium-doped zirconia at high
temperatures (~ 700 °Q)38]. Therefore, it would be more appropriate to also evaluate the
performance of such perovskite with simitgreratingconditionsand cell architecturt the

L65SCrNcell in order toisolate external factors to the fuel electrode emaluate which of
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them couldperform betterOn the other hand, the performance in steam electrolysis is very
promising.For this operating mode, a more thoroughly tempeeagareening was performed

as shown inFigure44 a) and explained in detail ifY4]. From these results, it is possible to
observe that both fuel electrodes present the same performance at higher tempebdaures (
ATm? at 1.29 V and860 °C), but while decreasing tloperatingtemperature there is a
performance gain for the perovskite L65SCrN fuel electro@emplementary to this, an
estimation of th@pparenactivation energy barrier for both fuel electrodes was performed in
terms of theASRua, Which follows a temperatw@ependent Arrhenid/pe behavig as
depicted inFigure44b) i left axis Such differencendicates that the reaction mechanism of
the H2O electrolysisreaction implicates different surface species, but to determine which
mechanism is faster fumer research and experiments implementing density functional theory
(DFT) thermodynamic calculations may be requirE8R]. Nevertheless, ttse results allow

to calculate the produced hydrogen rate normalized by the area, for which the values are
slightly higher for the L65SCrN fuel electrode with temperature decrement, as smown

Figure44b) and calculateffom equation51).
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Figure44 a) Polarization curves of L65SCrN and-GlGO fuel electrodes on full ESCs in electrolysis mode
with a fuel gas mixture of 80% 8 - 20% H, at 860 °C, 830 °C800 °C and 770 °C. Steam electrolysis
thermoneutral voltage (1.29 V) is depicted. b) Arrhettjge plots of the ASR. for the L65SCrN and Ni
CGO cells calculated from (a) on a linear interval close to the thermoneutral ploéentcofresponding
normalized hydrogen production rate is shown on the right axis according to edbti®eprintedadapted)

with permission fronj74]. Copyright (203) American Chemical Society
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Certainly, these calculationsr@ael |l asageas)s
i ndi cate how ehecpeondespget Bof mel -ait dhaercto mie t
CGO ceHoweetv.er, a stron@gpee@rnatbhatwwemdaei ns $OIk |
composition at 860 AC duavionlgti atgelddadmedhs: co
mV/ 1006iahpgotswi ce as thhgQG@scaftehaemt el ectr ode
degradabi s/ @mBb@Buhed in slilmid]Jatr wasn dd 43 wOmMes

degradation was originated by an increase
explained with a | oss of conductiisvc utsys idounr
preseptdiiFrilmenees ul ts, It hwawopalisontiodq oigeadt

temperature to mitigate such degradati on i

Therefore due to all these operating parameters that should b&tibtudied and fully

understood, it ipossible to considérRL of ~ 31 4 for these perovskite fuel electrodes.

6.3 Scaleup to larger areas

Prior to thescaleup analysis with a real system case, it is worthwhile to inquire about how
larger the active cell area might Bhe most recent planar stack developments have been
designed with areas of 127.8 £ri00 cnd and everB80 cnt for the Sunfire (Bixera)[129],
Hexis [135] and FZJ[125] [126], respectively. Furthermore, since the 2008caddq108]
largersizeswere implementedViost of the reported cell areas for ESCs lie around 160 cm
except for thelevelopments of the companies Chidbectric Powerland TonerCorporation

with reported cell areas of 400 cn? [108] and 729 cn¥ [141] respectively.The joint
development between Chuklectric Power Company and Mitsubishi Hedmgustries (both
Japanegeconsisted on the mordock layer (MOLB)type planar SOFCoperated at 1000

°C with a 40 cellsstack basedroa corrugated electrolyte layer architecture. Howetery
reported performanag about0.240 Wem?at 1000 °108]. For the case of the SOFC stack
from Tonen Corporation, cell areas up to 729° ém65 cellsstack were implemented,
achieving power densities of 0.11 M2 However, little further information has been

reportedbecause it seems that they stopped SOFC research at the end off 146 P0s

Beyond these low performance values for larger cell areas and the different operating and
manufacturingparametershat could have influendghem, it is important to addss why is
relevant to keep the reference values andamoing to design larger areas. This could be

explained with fracture mechanics on brittle materials, such as the ceramic components
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SOCs Ceramic materials and more especially porous ceramies/bets brittle materials and

hencetheypresent a statistical strength distribution.

In this regard, the Weibull approach of failure has been widely considered aiming at
estimaing the risk of rupture of each cell layer in SOCs, the dense electrolytand the
porous electroded42l. According to the Weibullds | aw
0 of a structural componen{fuel electrodepxygenelectrode or electrolyte)oaded with
an applied tensile stregscorresponds to:

. (79

0 Agb o =~ —
w

, Wwherew is the volume of the cell component, the characteristic strength atid Weibull
modulusm represents the shape parametexss taken as a reference volume related to the
characteristic strengtfil42]. With this expression, it is possible to calculae which
correlates how the defect distribution, such as pores and cracks, within a ceramic could lead
to fatal failure by rupture, commonly denoted as failure probability. For instance, the higher
the m value the smaller the spread in the defect size diswiu® higher mvalue would

especially favor the fracture stresses distributgading tolower failure probabilitie$143].

To introduce how critical would be to increase the active cell area in regards to the mechanical
integrity of the cell, the research byalzbender and Steinbrech from Fi&Zvery useful
because thegerformed Weibull experiments #0110 pmthick 6ScSZ and- 100 pmthick
3YSZelectolytes[143]. They measured the fracture charactergtiesses for both materials
andthey found that the 6ScSZ was significantly brittle, both at room tempe(&tj)and at

800 °C(Table7).

Table 7 Weibull characterizations on 6ScSZ and 3YSZ electrolyteata adapted from[143]:

*measured, ** calculated

Characteristic Weibull
24x24 mnt 24x24 mnt | 100x100 mmdat = 100x100 mm
fracture stress modulus
at RT* at 800 °C* RT** at 800 °C**
(MPa) m
6ScSZ 780 + 40 430 + 21 90 + 40 50 + 20 53+1.0
3YSz 1300 + 40 610 + 20 650 + 115 170 £ 55 87+20
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An optimal Weibull modulus greater than 10 would be expected in order to have a good
reliability and yield of usable components in SQT#]. Nevertheless, until now the highest

measured modulus correspand the NiYSZ cermetsas shown iable8:

Table8 Weibull modules at RT and 800 °C for different staftehe-art ceramic materials used in SOCs. Data
adapted fronfl44].

Material Weibull modulus mat RT = Weibull modulus m at 800 °C
CGO10 3.8 5.7
CGO020 6.0 -
YSZ 5.7 8.6
LSM 6.7 3.7
NiO-YSZ 11.8 =
Y-TZP 3.5 3.9

Other microstructural features, such as the graeneald influence as well the risk of failure.

The linear HalPetch relationship states that if the grain size is decreased, the strength (also
related to hardness) increases, as shown in equU&8fiL45]. Meaning that the smalléhe

grain size, the more grain boundaries the material will hawdthe more grain boundaries,

the more obstacles for the dislacas. This relationship correlates the yield stregath the

square root of the grain sidesuch as:

~ N —
g o

. MQ (80)

, In whichk is linked to the local yield stress at the grain boundaries and whasethe
resistance associated to dislocation movement within the {rd6]. However, belowa

critical grain size, the hardness would decrease, following the behavior knowimvease
Hall-Petch relationshifil47][148] [145]. Therefore, caution should be taken on the selection

of the materials synthesis and processing routes, since important parameters such as the
sdvents, precursors, temperatures and time could all in all influence microstructural features
such as the grain size and hence detriment the fracture strength of the ceramic components
used in SOC system&hemicallyinduced stresses could alsdluence he fracture stress

states of all cell componentsor instance, in ESC architectures thecBlimet oxidation could

induce a fracture risk on the interface between electrolyte/electrode. As an example, in 10
pum-thick electrodes, an anodic strain lower titaB and 0.35 % is recommended to avoid

delamination[142]. In perovskitebasedelectrodes, such chemicallyduced stresses could
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be even more complex. In MIEC oxides subjected to reducing camglidditional oxygen
vacancies are formed, causing the lattice to expHmd.expansion could also be considered

as a chemicallnduced strain that is highly dependent ontdraperature, change in oxygen
activity (or change in oxygen vacancy concetittn or deviation from stoichiometry),
composition, crystal structure amelvel of doping[144]. For lanthanumdoped chromites,
typical strains at 1000 °C under reducing conditions (oxygen activity of'® have been
reported to be between 0.2% and 0.A%4]. However, for the L65SCrN case these values
may differ due to thdifferent operating temperatures investigated in this thesis (between 770
°C and 860 °C), as well as the stommetry at these conditions (A and O deficiencies) and
last but not least, due to the Ni doping on theitB. All of thesedefects may contribute
differently and uniquely to the stragtateson theperovskitelattice. Generally, the resulting
chemical srain gradient will create a corresponding stress gradient. Also, the vacancy activity
as well as the geometry of the cell components (planar or tubular) will affect the stress
distribution across the different cell materidierefore, with the aim to aid mechanical
failure from chemicallyinduced strains, it is necessary to restrict operating conditions to
guarantee that these strains remain below ~Q14%. The <cel | 6s strength
by the thermal residual stressegesulting from the difference irthermal expansion
coefficiens (TEC) of the materials inthe different layersThe L65SCrN dilatometry
measurements in air allowed to determine a TEC of ~Xll04 °C*, which lies between the
reported values for YSZ electrolytes and LSM perovskite oxygen electrodes, as shown in
Table9 [142].

Table9Young6s modul us a rofitherEcE€ramvicariatarials usdd m SO@sbt apeciied,
table catawereadapted froni142]. Additional references are mentioned on the table. *It is assumed that after
reduction, the change in volume is almost negligible since the ceramic YSZ netvemdoramodates to the

new porosity on the Niermet where it is alsossumed that the NiO reduces completely t¢14B].

Material Youngd6s modul TEC (x 10°°C?)
NiO-YSZ 112 ~11.9-12.5[142] [149]
Ni-YSZ 56.8 ~11.9-12.5[142] [149] *
YSZ - electrolyte 190 10.8
LSM - oxygen electrode 35.0 11.7
Values for La.gsSro.15CrOs:
L65SCrN 93.3 (oxidized) 11.4(this thesis)

120.7 (reduced)150]
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Additionally, not only reducing atmospheres and higmperaturesnay affecttte c el | 0 ¢
strength because of detrimergtiessstrain conditiongbut alsaheoperation with steamay

affect the mechanic of rupture. Largeounts of steam should be considered for SOFC (with

the steam produced via hydrogen oxidatbrigh fuel utilzation i.e. at the gas outleind

for SOEL operating modes (with high contents of steaintow conversion i.e. &he fuel

inlet). Water steam may uae a weakening of intatomic bonding at the tip of a crack just

by chemical reaction with the environnteln this case, the crack advances at a lower applied
force,causing a local stress, that is lowain the characteristic fracture stress that may cause

an unstable fracture. This phenomenon is denoted as subcritical crack growth, or also

environmental} assisted cracking.44] andmaynot be ignored when operating with SOCs.

In ceramic mateals, structural defects as pores and cracks are more relevant in terms of
failure. Therefore, if the active cell area is increased, more defects will be present on the
ceramic components of the cell, where the number of cracks and pores will significantly
increase and the risk of failure would be highEaking into consideration the different
operating parameters, as well as the different material properties, it is highly recommended
to implement fracture analyses with the Weibull method in all the ceremmiponents of a

solid oxidecell, before enlarging theactive areaize Segmented planar designs could also

be considered, in which for instance, 4 cells could be arrangzd 2,by incremening the

active cell area by 4. Nevertheless, for suchegasnechanical characterizations by the
Weibull methodwould also be relevant, because besides the axial stresses that the cells
undergo,it is possible tobelievethat shear stressgslue to the metallic interfaces of the
segmented arrangemgntould possbly also modify the stresstate in the cells and

deteriorateher fracturetoughness

In the frame of this thesig, cellsizevariationwasnot taken into consideration for teeale

up analysisdue to the different factors that may influence thesigie as following

I) The increment of the cell size would lead dperating challengesausedby the
probability of failure among the differeaéll components and interfaces (L65SCGnN
Ni-CGO'CGO/3YSZ/LSCF) where the risk for the ceramic electrodesboth
L65SCrN and LSCF is comparable. Such risk of failure is strongly dependent on the

ceramicsynthesis processess well as on thiemanufacturingell processes
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i) The use of perovskitbased fueklectrods entailsan additional challenge due to the
chamical streses that may begenerated by chemical expansion upon retuc
atmospheres

iii) Further engineering would be required for the cell architecture (ESC, ASC, MSC or
evennew designs), with the aim tmaintain the chemicand thermaéxpansion in an
aceptable rangeas well asminimizing their mismatchamong the different cell

components

The following scaleup analysis would be evaluated mainly in terms of the electrochemical

performances explained in theextsection

6.4 Scaleup from cell level to system level

6.4.1 Example ca® ofhigh temperature electrolyzerson the MW range installed at
the Salzgitter Flachstahl steel plant
As mentionedpreviously,the case of the consortium at Salzgitter st€el planserves as a

good example for evaluatirthe up-sale of perovskite electrodes to the MW scél@gre
45), based on the results fSOECoperation studied in this thesiBor this, it is important to

consider the followingystenrequirementand characteristidqd.33]:

f Green hydrogen production rate2f0 Nn¥/h (18kg H./h)

1 Nominal power(AC) input available720 kW

1 System composed by: 8 modules

1 Each module consists of 36 stacks and each stack of 3@,cglisng 8640 electrolyte

supported cellseach cellvith anactivearea of 127.8 cfn
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Figure45 SOECs from themicroscaleto the macroscalstarting from the cell electrodasdsingle cells that

are combined into stacks. Stacks that are arraingednodules. Electrolysis plants thatnsist of module

systems of electrolyzers with the aim to produce green hydrogen at larger scale when electricity from
renewable sources (~ MW) is suppliéddlapted fron15].

To evaluate how the peerovesmpkedemabhtelarglkect

| mportant to answer the following question

1) What is the benefit to use the perovskite fuel electrodes ovestdtenf-the-art Ni-
cermets at the system level?

i) How could such benefit be exploited?

This thesis aims to answer tleaguestions by correlating the total amount of cells in a system,
with the required hydrogen production reBg. using the electrochemical resultsoofY

and current densityat the cell levein thermoneutral operatigpfrom Figure44, it is possible

to estimatehe specific energy consumption as a function ohtimaberof cells in the system

by arranging the terms in equati(s¥), as following:

¢ e
0 & z0z B oY 2 ‘ (81)

0 € a0
O z0Z B 5"y 2 z (82

With the expression in equati¢@?2), the following datan Figure 46 could be plottechnd

the main outcomes are summarized able10.
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# of modules
1 2 3 4 5 6 7 8

SOEL system operating ~ Y,
1 Module: 36 stacks

1 stack:30 cells
1 cell:127.8 crd /
® L65SCrN 860°C ® Ni-CGO 860 °C
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Figure 46 Scaleup estimation of thepecific energy requirement vs. the number of cellsSDa system,

related also to the numbermbdules(1 module= 1080 cells). Results frothis thesis athe cell level were

used inequation(82) for L65SCrN fuel electrode cells and-BiGO fuel electrode cells.

From this plot, it could be observed that by increasing the operating temperature to 860 °C
the system would require lesslls (ca5743 and fence 2 modules lesBhe drawback of this
operating condition, ighat it would exceed the maximum operating temperature that is
recommended by the module suppli8uifire GmbH, which is ~ 850 °G151]. However,
observing the other temperatures, it is possible to extract the following infornation

thermoneutral operation diie perovskite electrodes against theQBO fuel electrodes:

1 If the system operates at an average temperature of 800 totHdype of electrodes,
an8-module system woullde requiregddmeaning 8640 cells are required

1 If the system operates at an average temperature of 830 °C the nurobks ajuld
be reduced te 6751for the perovskite electrodes and~@222cellsfor the NFCGO
fuel electro@-modules Even though these calculations yi@ldhodules regardless the
fuel electrode, it is worthwhile to highlight that the use of the perovskite would reduce

the manufacturing costsince ~471 cellsless would be requireddnd by assuming
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that the costs between NCGO and the perovskite electrodes do not differ
significantly, then such reduction on themberof cells would imply a reduction in

manufacturing costs.

On larger systems, where the use of perovskite electimdd imply a more significant
reduction of the cells and stacks, the estimations presented on thisdbelside of interest
to the industrydue to the simplification in relevant aspects such as: sto#f modules
manufacturing processesd simplification on the hardwarand software interfaces (less

sensors antlence less variables tontrol) [152].

Table 10 Estimation of the number of cells and stacks required for each type of electrode (L65SCrN and Ni

CGO) for an average temperature operation of 830 °C and 800 °C. Results weredak-igure 46.

Average system temperature 830 °C 800 °C

Fuel electrode L65SCrN  Ni-CGO  L65SCrN  Ni-CGO
# of cells (each 127.8 &@n 6751 7222 8640 8640
# of modules (each 1080 cell 6.3~7 6.7~7 8 8

6.4.2 Critical raw materials required for electrolysis systems
Besides the hardware simplifications, the use of perovskite electrodes entails an important

factor for theSOB_-systems deployment in a sustainable development scenario (SDS), which

Is the critical raw materials auability.

Thelnternational Energy Agency (IEA) has stated that niekelmineral formnickel oxide
- belong to the most critical raw materials for the energy trangifidh A wide range of
minerals are required for clean enetgghnologiessuchas wind tirbines electric vehicles
(EV), batteries fuel cellsand electrbyzers among othersTheseminerals correspond to
oxides ofNickel, Copper, Cobalt, Lithium, Chromium, Zinc, Aluminum, as well as rare earth
elements (REESs) arRlatinumgroup metatatalystfPtGMs). The IEA classified the relative
importanceof these materials for a particular clean energy technology between high,
moderate and low importand&/ithin this assessment of the IEA, the overall mineral demand
was calculated with four variables: (i) clean energy deployment trends unddrpstidess
scenarios (SETPS) and SDS, (ii) gebhnologyshares on eadiechnologyarea, (ii) mineral
intensity of each subechnologyand (iv) mineral intensity improvement&®egarding
hydrogen clean technologies, i.e. electrolyzers and fuel cetkel and thePtGMs are
classified with a high relative importan|gé]. Significant efforts to reach the climate carbon
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neutrality would be required: the mineral demand would need to be quadrupled for these
technologies by 2040. For a faster transition, i.e. net cazbomclimate by 2050, a sixfold
mineral input in comparisato the current one would be required for 2040. In this frame, the
fastincreased interest of hydrogen as energy carrier entails a steep growth in demand for
nickel [71].

Batteriesfor energy storage cannot be neglectespecially when it come® the need in
materials The IEA estimates that in SDS, the batteryage demand would increase by 11
times between 2020 (from 37 GWh) aR@40 (420 GWh), for which the largest relative
mineral growth would be for the nickel by 140 times: from 0.4 kilotons (kt) in 2020 up to 57
kt in 2040[71]. With this, higher mineral prices could also affect the pace on which the
industry achieveambitious goals on SDS. As an example, if the lithium and nickel prices
double, the battery costs could increase a[6%3]. In the case of the electrolyzers, the
mineral demand has a significant cost componenerdfore, if the mineral prices for the
battery sector increase respond to the higher demartbe competitiveness among clean
energy technologies could be affected, as well as among the different types of electrolyzers
Besides the electrolysis techngies, solar panels, EVs and wind turbines are being deployed
on larger scalesor whichthe mineral market could undergo supply disruptions and volatility
[153]. This provides an additional driver for R&bBn altenativesolutionsto reducehe use

of critical materialsbeing cruciafor anh economically viable and sustainable hydrogen energy

matrix.

Nevertheless, glob@lommoditiesmarkets are namely exposed to economic and geopolitical
hazards. This makes strgie mineras, such as nickelprone to supply chain disruptions,
which may be intensified with the increasing demand as a consequence of the ongoing de
carbonization economies and policiégence, seing that nickel turns out to be a critical
material forthe energy transition with these clean technologies)estimaion of how much

nickel could be savedvith the implementation of thperovskite fuel electrodes BOEL-

systemss pertinent.

6.4.3 Estimation of the Ni loadper electrolysisenergy output
In this section, the Ni requirement for the manufacturing of an S&fStem in terms of the

energy output is calculated. Firstlyy @stimation of the NiO load normalized by the area was

calculatedor cells with 16 criof active areaFor the case adheL65SCN fuel electrodein
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this thesighe halfcells were weighted in two different states: after printing the ceramic ink
on the electrolyte substrate@ried at 60°C) and after sintering at high temperature. The
differencebetween these two mass valyesded the mass ofhe perovskiterequired foran
active area 16 cn?. Then, fom the solgel calculations the NiO mass was estimated. For
the case of thetateof-the-art cells, an estimation of the required NiO raw powder petr cm

was giverby Kerafol GmbH as presented ihable11:
Table11 NiO load normalized by the cell area for L65SCrN and_iHO cells.

Fuel electrode L65SCrN Ni-CGO
NiO raw powders required (g/én 2.35x 10° 6.56 x 10°

Secondlyconsidering that the system operates aaegragdemperature of 830 °C and 800
°C, thecorrespondingumulative aredo ) is calculatedby multiplying the number

of cells for each cagestimated fronfigure 46) by the active area of a single cell, which is
127.8cn¥ (for thecells on thestacks used in this case of stidhen, the required amount

of NiO as raw material isalculatedn kg for eachfuel electrodeby multiplying the estimated

0 by the NiO normalized load for each electrdasm Tablel11:
0 0 z () 83)
60 S 89
o

Thirdly, given the SOELsystem from the Salzgitter consortium as a referetheeyearly

energy output T is calculatedas a function othe specific energy consumption

andthe required hydrogen production in a year , , asshown in equation

(85). For this case, the specific engigpnsumption is calculatesith equation(86).

V)

i i 0Qa
] , d"#fa ) (85)
Q i aneai Qo
0 3A1 UCEOOR B Qa0 86
G Xizko ' T o
, where & Is calculated by multiplying therequired production fo hydrogen
a (in kg per houy, with the operation hours in a year
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a a z9 ¥ 87)
For whicho Is considered as 50@@arly-hours of normal operatioifollowing

the standardom the IEA [71]. Then,for comparison purposei$js possible to estimate the
amount of Ni (in the form of NiGor the cels manufacturingper energy outpuin a year,

denoted as— ;  for a specific SOEtsystem, such asguation(88). The results of these
calculations for both fuel electrodes are depictetable12.

0Q; g4 6 00 (89)
- T
Tablel2Normalized amount of Ni by the GWh energy output f&GH.-system implementing the L65SCrN
and NiCGO fuel electrodes at an average aping temperature of 830 °C and 800 °C.

Average system temperature 830 °C 800 °C
Fuel electrode L65SCrN  Ni-CGO  L65SCrN  Ni-CGO
dl
< <«tatfifmmy

(each 1o ore 6751 7222 8640 8640
=is 00w+ @NPL 86x10 92x1¢ 11x1¢ 1.1x16
NiO required (kg) 0.02 6.06 0.03 7.25

iy

RN e 0.01 1.68 0.01 2.01

(kg Ni / GWh year

For SOH.-systems with perovskite fuel electrodeequirement of 0.01 kg of Ni/GWhwas
calculated for both operatingrhperatures. In contrast, the systems withtrhéitional Ni
CGO cermetsvould require~ 1.7and2 kg of Ni/fGWhfor an average operating temperature
of 830 °C and 800 °C respectively

For a better overview among the different electrolysis technoldfiese calculations were
plotted together with thestimaion fromthe IEA on the actual levelized demand for selected

minerals in electrolyzers- 107 20 MW) [71], as shown ifrigure47.
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Figure47 Todayestimated levelized demarfoh kg per GWh in a yeafpr sele¢ted minerals in electrolyzers

in log scale Dataadaptedrom IEA [71]. Values calculatedor Ni within this thesis are also depicted for
SOEL-systems with perovskite fuel electrodes (~ 0.01 kg of Ni/GWh) and with traditiora&di cermets

(~ 1.77 2 kg of Ni/GWh).

Regarding theickel demand, it is possible to adase on this plot thaAEL-systemgequire
almost 10 times more amount of Ni comparedStOH_-based system®n the contrary,
PEMEL-systemsmineral demand would rely mainly on platinum, palladium and Iridium,
without considering nickel as a critical magror this technologyHowever, as a general
remark, the IEA estimats that in the frame of the energy transition and the role of
electrolyzers on sustainable development scenarios, the demand of nickel for 2040 would
increase on 15.000 torgl], being like this the most critical materials among zirconium,

lanthanum, yttrium, PtGMs, as well as steel and aluminum for the infrastructure

Thesefindings have important implications for developgnperovskite electrodes up to the
system levelFor SOEL systemshe benefit of using the perovskite electrode instead of the
Ni cermet would be to reduge ~ 200 timesthe amount ofequiredNiO/Ni raw material
while having similar electrochemical performarioghe statef-the-art Besidescomparing
SOEL and AEL technologies, the use of perovskite fuel electrodes in SOEmsys&ould
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represent a more significargduction (about 1000 times lesd)the Ni raw materiak- 10kg
of Ni/GWh for AEL vs. ~ 0.01 kg of Ni/lGWh for SOEL systelfisgure47).

We cannot exclude that other perowskaw materials are also considered as critical raw
materials (CRMs)The European Commission published in 2020 the list of CRMs in which
LREEs ({ncluding Lanthanum, Cerium and Gadoliniufi54]), HREEs, Strontium,
Chromium, Cobk, andZirconiumare includecamong other$155], by considering supply

risks in nine selected strategic technologies: batteries, fuel cells, wind generators, traction
motors, photovoltaic, robotics, drones, 3D printing and digital technolfip8$[156]. Other

fields such as concentrating solar poweLSP) geothermal aerospace, health and

constructionare also relevarapplicationdor CRMs[71, 156]

Overall, even if Ni has been considered one of the most critical raw materials for electrolysis
technologies, importdrattention should also be given to other elements suth,&r, Cr,

Co, Zr, Ce and GaHowever, since Ni is the common element between the-ctdte-art
Ni-CGO fuel electrodes and the L65SCrN, this thesis is focusing mainly on the Ni

requirements foBOEL systems.

At this point, it is important to remark thaten though these calculations are performed at
the thermoneutral condition®. at rated powethis does not imply that all the celisthin

the systermare operated at this temperatuB®EL-systemsmay need taperate at higher
voltages (above the thermoneutral conditjoto overcome heat lossdsom the piping

accessories and heat exchangers.

Before upscaling the perovskite fuel electrodes to the module level, it will be important to
evalude the durability. The scaleup estimations on this thesis are based on the
electrochemical performance of the investigated types of electoodes 5 cm ESC<£ven
though durability characterizations for time periods of ca. 1000 hours were perfarmsed,
still insufficient with respedb the target lifetime that is at leastf about 20 000 houfd57].
Thereforefurther research oiine durabilityassessmermin largerscales, i.e. on stacks, would
complement the estimation of the letegm performanceand thenbe exrapolated to

modules.
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Additionally, important mechanical characterizations of the stagis the perovskite fuel
electrodeshould be performed, as well as transient analyses of the distributeonpdrature

and gas flows across the stacks and theutead

Therefore, if the use of perovskite fuel electrodes would contribute to decreasekbls
demand, it is worthwhile to make the effort on different areas of science fecdlep of

these materials, i.e. fracture mechanics, thermodynamic siomdaand techneconomical
assessments, besides materials engineering and electrochemistry. The synergy of all these
knowledge areas will contribute significantly to the deployment of SOCs systems for the
energy transitioin sustainable scenarider which theR&D in green hydrogen technologies

Is pivotal. It is estimated thdty 2050 théeuropeardemand of green hydrogamould increase

to ~ 800 TWh, which is equivalent to ca. 25 millions of tons of this valuaimegy carrier

[158].

All'in all, this scaleup analysis of perovskite electrodesthe SOEL-systemlevel allows to
understand thathe benefit of usingheseelectrodes over the traditional fdérmets isto
simplify the system layout by reducing the number of cells and hence the number of modules
without affecting the electrochemical performance, that is comparable to teem&tsThis

could be explogd interms of BoP, hardware and software simplificatigxrsother important
benefit consists in the significant decreaseequirednickel for these modulesThe latter
finding is relevant for a foreseeable sustainable development of clean emmefgiese of the
current energy transitiordue to the risk of mineral market volatility and shortage in nickel

supplies.
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7 Conclusions

In this doctoral thesjsalternativeperovskitebased fuel electroddor SOC applications that

potentially replace theaditional Nicermets fuel electrodegere investigated.

An elaborated investigation of differdanthanum chromitéasederovskite candidates was
firstly made The stability and reliability of different compositions were evaluated 4pgyX
diffraction, from which tvo lanthanumchromite perovski®with Ni doping (LSCrN) were
selected Lao.70S10.3Cro.sNio.150z.a (L70SCrN) and La&esSr.3Cro.sdNio. 150z (L65SCrN)

Further chemical and thermal characterization techniques of these perovskite powders
contributed to the understanding of chemical interactions between these materials and the
typical atmospheresf SOC operation. Under reducirmpnditions,it was shown that Ni
exsolution takes placaephenomenothat releases anchoratktallicNi nanoparticles o the
perovskite surfacdt was found that operating parameters such as the oxygen partial pressure,
temperature and time are determinfogthe size and shape of these Ni nanopartidleese
findings gave insiglst on how the LSCrN morphology would beperandq laying a
groundwork for future research into the chemical interactions of these nanoparticles and their
detailed role on the different reactions mechanisms that a fuel electrode under§Q&s

operation.

Electrochemical characterizations of fulllectrolytesupporteecells (ESCs) showed
promising performance ofhe L65SCrN fuel electrode, due to the similarity with the
traditional Nicermes$ inSOFC, SOEC and rSOC mods~ 860 °C Also, steam and carbon
dioxide coelectrolysischaracterizationshed new light on the fuel electrode electrochemical
reactions, from which electrochemical impedance spectroscopy (EIS) allowsaptzse an
equivalent circuitmodel. Before this study, evidence sfich moded in co-electrolysis
operation for lanthanumhcomiteswith Ni dopingwas rarely seerMoreover,a longterm
study during ~ 1000 hours provided a first glance of the stability-@lectrolysis operation

of this perovskite fuel electrodbeingcomparable to the statd-the-art performance

Howeve, a strong potentiadependency degradatiaduring 150 hoursvas identified in
SOFC operation, likely related talterationsin the Ni nanoparticles, such as particle
coarsening or slowNi cation diffusion within the perovskitén spite of this degradain,

redoxcycling experiments confirmed the recovery of the fuel elect®geomparing sulfur
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tolerance studies on the traditional¢dirmets with the exposure of the LSCrN to hydrogen
sulfide, it was possible to discuss thatf@anoparticlesavor hydrogen dissociatioan the

investigated temperature range.

Durability testduring ~1000 hours irSOEL operationshowed astrong degradation with a
significant ohmic contribution, which was related to the electronic conductivity deterioration
under theseperating conditionsThis outcome raisethe question of the lontgrm stability

and therole of the point defect chemistrgn thetransport properties of ith perovskite
electrodeunder such operating conditiornigherefore, it is suggested tHatther long-term
investigatiors by varying parameters such as temperature, timeoayglen partial pressure
would be needed in order to better understand the mechanisdngxdolutionand its role

on the conductivity of this perovskjtand hence on the cell ffermance in SOC operating
modes For instancelowering the operating temperature from 860 °C to 800 °C could be a

initial approachio mitigate degradation issues.

Yet, theinvestigation of th&sOEL operationn a temperature range between 860 °C and 770

°C showed gain in performance of the L65SCrN perovskite fuel electrode in comparison to
the typically used NCGO cermetThis behavior was explainedth possibledifferences in

the electrode kinetics 800 °C and belowfrom which it was possible foropose a reaction
mechanism, that analogous to SOFC operation, also suggests that on L65SCrN electrodes the
Ni nanoparticles facilitate the steam dissociation to further produce hydrédgdn.this

finding, this thesisattempts to answer whatttse benet of usingthese perovskitelectrodes,

notonly at the celkcalebut also athe systenscale.

Then, an estimation of the electrochemical performante larger scale (~ MWyvas
performed by taking as reference the SOEC results at the cell lev&@dféCg8 830 °C, 800
°C and 770 °C, assuming that those would be also the average temperatbi@bfsystem
composed by commercial ESC stacksd modulesThis studywas performedusing as
reference a real SOEL systedesigned for producin@8 kg/h of geen hydrogen with an
electrolysis input of 720 kWWVith this scaleup analysis,it is possible to conclude that the
benefitof implementing th@erovskite fuel electrodéisstead othe Ni cermets in ESC stacks
and systems is worthwhilé the system is perated at an average temperature 880 °C.
This condition would reduce theumber of cells,and possibly leading to reductiom
manufacturingcosts Also, this goes concomitantlyith a significant decrease of nickel as
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commodityto produce these csllwithout compromising the electrochemical performance
This may contribute to make SOEL systelassdependent opossible fluctuations on the
nickel market that is expected to be driven by the large demand for electrical vehicles.
Furthermore, geopoidal risks could also disrupt the supply chainnickel, among other

critical raw materials

Prior to this studyit was difficult to make predictionsn the benefit that perovskite fuel
electrods could bring at a system levélhis thesis leaves opehé question if the use of
other cell architectures, sucha®desupporteecells ASC) or metatsupporteecells MSC)

would provide a better performance, by lowering the ohmic contribution given by the thick
electrolyte on ESCs.

With the outcomes of thithesis, the durability and the upscalitogthe stackevel were
identified asremaining challengesthat should be addressed in future investigations on
perovskite electrodes for SOC systembe longterm stability at the cell level could be
evaluatedor significant periods of timef ~ 20 000 hours with minimized degradation rates

for which mitigation strategies could be proposadd identified.Once the durability is
proven, the next step would be to proceed with the implementation of perdvaked
electrodes into stacks, also tuning the different cell architectures and even proposing new
designsAdditionally, perovskitebasedcurrent collectas would be of great interest with the

aim to replace nickel and platinubased collectors

Beyond the hain studied lanthanum chromite, further researclotbier mixed ionic and
electronic conductors (MIEC) materiaisuldelucidatenteresting findings that account more
for the understanding of such fuel electrodes and their propenatsnayalsoinfluence the

performancef different SOCsystems
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8 Outlook

The use of perovskitmaterialsmay go beyond the conventional SOC operating modes that
were discussed within this doctoral thesis. For instance, the use of anf{hidgiasfuel for
SOFC operation is alsweceiving great interesimong the energy research and industry
community. Even though green hydrogen pévotal for the clean energy transitioits
volumetric energy density is very limit¢#l59]. Chemical derivatives from green hydrogen
are promising options for hydrogen transpéir instancegreenammonia is an important
hydrogen carrier because it can be stored-&3-°C under atmospheric pressure, or even at
room temperature at ~ 10 bar. Gamy to liquid hydrogenwhichwould need to be cooled to

- 253 °C[159]. Since operating SOREystemsvith ammonia would generate N@&missions

due to the oxidation of the nitrogen with the oxygen anions that are transported from the
oxygen electrodéhroughthe electrolyte, research in alternative materials would be of great

interest.

Here is wherdghe use of perovskite electrodes and also electrolytes could play an important
role on the use of ammonia as fuel. Such perovélasednaterialsare theproton conducting
ceramics (PCC)nstead of usingraO? anionconducting solicelectrolyte, it would be more
convenient to implement ld* protonconductingsolid electrolyte.This is whyresearch on
PCCsmaterials not only for the fukelectrode, but also for the electrolyie openinga new
research area thas already gaininggreat interest among the scientific community
Considering the low temperature technologies, perovskite electrodes could also be
investigated for PEMEL systesas well agor anion exchange membrane water electrolysis
(AEMWE). In the case of PEMElthe acidic environment limits the choice of electrocatalysts

to expensivePtGMs such as Pt on the cathode and:l0@ the anode siddhe hydrogen
evolution reactio (HER) takes place at the cathode and the oxygen evolution reaction (OER)
at the anode. Both electrodes require a catalyst that yield good reaction rates and mild
overpotentials. Hence, the investigation and development of Rt atalysts with good
electrochemical performances, low production costs (up to the iacgée)[160], as well as
chemical tolerance to acidic environments are crucial drivers for the use of perovskite in these

systems.

For the case of AEMWE, promising performances have been achieved®i@ifisfree

catalysts such as transition metals (and their alloys), oxides, nitrides, phosphilks,
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carbides among other options that catalyze the HER, from whibtla$éid catalysts outshine
[161]. For the OER, various metals exhibit high catalytic activity and corrosion stability in
alkaline environmenteing Ni the most promising. However, other metal oxides in different
forms, such as perovskitesobaltites for instanc@resent also high catalytic activitig61].
Therefore, investigation of perovskites for the HER catalysts in AEMWE systems would also

be relevant, aiming at replace-Nased catalysts.
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A-site deficient chromite with in situ Ni exsolution
as a fuel electrode for solid oxide cells (SOCs)¥

® Anke Weidenkaff,>

*a

*3 Guoxing Chen,

? Feng Han,? Indro Biswas,” Rémi Costa
ad

Diana-Maria Amaya-Duefias,
Noriko Sata,
and Kaspar Andreas Friedrich

A-site deficient lanthanum strontium chromite perovskite Lag g55r03Cro.85Nin 1503 5 (LESSCrN) decorated
by in situ exsolution of Ni nanoparticles was synthesized and implemented as a fuel electrode on a 5 cm
% 5 cm electrolyte-supported cell (ESC) for solid oxide cells (SOCs) with an active surface of 16 cm?’. The
stoichiormetric formulation Lag70Sfo3CrossMNia 1505 s (L70SCrN) was also prepared in order to evaluate
the reducikility and behavior towards Ni exsclution with respect to L65SCrN. This comparison was
assessed by means of X-ray diffraction (XRD) and thermogravimetric analysis (TGA) in a reducing
atrmosphere. Metallic Ni was successfully detected using XRD on the A-site deficient formulation after
TGA treatment. Surface analysis by means of X-ray photoemissicn spectroscopy (XPS) revealed a relative
enrichment in Cr**. Ni exsolution was investigated on the L65SCrN formulation by annealing in
a reducing atmosphere at 500 “C and 900 “C for 3 hours. The NI nanoparticle size (from ~8 up to 100
nm) and morphology were characterized by means of scanning electron microscopy (SEM).
Furthermore, L6SSCrN was screen printed onto a 90 pm thick CGOZ20-3YSZ-CGO20 electrolyte on
which the oxygen electrode Lap 555rn 4FeqaCon»0z 5 {LSCF) was printed on the other side. With ideal
contacting, the electrochemical cell performance of the L655CrN fuel electrode was demonstrated to be
comparable to those of the state-of-the-art Ni-based cermets: ASRpc 1o at —03 A em™ was
calculated to be 0.676 ¢ cm? in co-electrolysis operation. Reversible operation (rSOC) at 860 “C with
a HO/H; ratio of 1 could be shown and co-electrolysis operation (H;G/CO; = 2) at —0.45 A cm™2 and
860 “C with a voltage degradation of less than 3.5 mV/1000 hours could be demonstrated for 950
hours. Even though L65SCrN showed promising results for SOC operation, further investigations of Ni
exsolution in doped chromites by varying temperature, time and pO, are proposed for a detailed

understanding and optimization of the Ni nanoparticle size.

the improvement of the corresponding synthesis processes in
terms of selectivity and energy consumption or the development

Since the industrial revolution, carbon-rich fossil feedstocks
have played an important role in our daily life in order to fulfil
our needs for energy demand and for a broad range of house-
hold and commercial products. Nowadays, the chemical
industry relies on crude oil, coal and natural gas to procduce the
ey building blocks such as olefins and aromatics. Nevertheless,
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1 Elcetronic supplementary information (EST) available: Additional SEM images of
the exsolved Ni nanoparticles. See DOT: 10.1039/d0ta07090d
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of alternative routes has become a major priority for the modern
industry due to limited recoverable natural oil reserves and
growing environmental considerations regarding greenhouse
gas emissions.!

CO, is cmitted in increasing amounts duc to the growing
need for power generation (coal-based plants) and industrial
products, such as steel and chemicals, e.g. ethylene production
by oxidative coupling of methane (OCM).* This greenhouse
gas is also an essential feedstock for numerous chemical
synthesis processes in combination with hydrogen. In some
processes, CO, is pre-reduced at high temperature with
hydrogen through the reverse water gas shift (RWGS) reaction
yielding CO — a more reactive molecule — as an essential
building block for downstream chemical synthesis. Meth-
anol, which is an Important multipurpose intermediate
commonly used for the production of various chemicals, is
currently produced from syngas (H, + CO) which can also be
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generated via catalytic steam or autothermal reforming of
mcthane.'

In the light of syngas production and methanol synthesis,
there are significant economic and environmental interest in
valorizing renewable carbon sources. For this reason, since the
last 10 years, the conversion of plant-derived materials
{biomass) and CO, has attracted attention from industry and
academia with the aim of producing fuels and bulk chemicals
using direct electrosynthesis routes with a reduced CO,
footprint.”

Power-to-X concepts intend to convert excess renewable
power into diverse fuels and chemicals that can be used for
large capacity energy storage.”* Among the various concepts,
the technologies based on Solid Oxide Cells (SOCs) operating at
temperatures typically around 750-850 °C enable conversion of
electricity at a high efficiency into valuable fuels (hydrogen or
hydrocarbons) by means of high temperature electrolysis (H1'E)
without the need of precious catalysts. Interestingly, due to fast
kinetics SOCs enable the simultancous clectrolysis of H,0-CO,
at high temperature into syngas, which can be further used for
large-scale production of methanol and other green fuels and
chemicals through the Fischer-Tropsch (F-T) synthesis.'**
Moreover, SOCs offer the unique advantage of enabling
reversible operation. Le cither energy storage or cleetricity
production. In the energy storage mode, electrical energy from
renewable sources is converted to valuable fuels (hydrogen or
hydrocarbons) by means of HTE, while in discharge mode these
fuels could be used for power production through fuel cell
operation,* A reversible Solid Oxide Cell (rSOC) system could
effectively ensure large storage capacity and grid balancing.

State-of-the-art SOCs rely on Ni-based cermet components,
owing to the excellent electrical conductivity and high catalytic
activity of Ni towards H,0-CO,; splitting and hydrogen disso-
ciation reactions at high temperatures. Ni-Zry 45Y,1502_5 (Ni-
YSZ) cermet fuel electrodes — typically used in the so-called
Anode-Supported Cells (ASCs) — have been largely investigated
in either operating modes. When operated in fuel cell mode, the
electrodes are susceptible to poisoning with different fuel gas
impurities such as sulfur species that have deleterious effects
on performance, especially in reformate gases, and long-term
stability.”™ Moreover, they suffer from irreversible degradation
when exposed to re-oxidation reactions.” These cermet elec-
trodes are prone to Ni agglomeration leading to loss of clectrical
percolation and diminution of the triple-phase-boundary (TPB)
length." When operated in electrolysis, they suffer from irre-
versible microstructural alterations, especially at high temper-
atures, high current densities and high pH,0." In co-
clectrolysis operation, carbon formation has been observed at
the electrode—electrolyte interface with a reactant conversion of
~67% at 875 “C, causing microstructural alterations accompa-
nied by a deactivation of the active sites.”” By contrast, Ni-
Ce,y_,Gd,0,_; (Ni-CGO) based fuel electrodes - typically used in
the Electrolyte-Supported Cells (ESCs) - have also been inves-
tigated as fuel electrode materials because of their catalytic
properties and CGO phase enhanced tolerance against carbon
formation.*® Nevertheless, due to the large content of metallic
Ni, such Ni-CGO cermet electrodes are also vulnerable to
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dimensional alterations caused by grain coarsening upon redox
cycling ie repeated alternation of oxidizing and reducing
atmospheres, which adversely affects the apparent electronic
conductivity leading to an increase of the ohmic resistance
(Rohm} and the gas transport properties of the electrode.*

The wide operating range of SOC-based electrochemical
reactors requires robust and durable fuel cleetrodes with high
performance in either operating mode: fuel cell or electrolysis
operation. This implies performance and durability in a broad
range of partial pressures (pH;, pH,0, pO,, pCO and pCO,) and
a given dimensional stability nearly independent of the
atmosphere.

Perovskite-based oxides (ABO;) have been proposed as
alternative materials to the Ni cermets as fuel electrodes for
SOCs because of their outstanding stability in both reducing
and oxidizing atmospheres and their flexibility in terms of
composition, that enables a wide varicty of doping elements on
their A- and B-sites to tune their electrocatalytic properties. As
a fucl clectrode, high catalytic activity can be achieved when the
A-site is a lanthanide and/or alkaline-earth cation and the B-site
a transition metal cation such as Mn, Co, Fe, Ni, Cr and Ti."”

Strontium titanates have been widely studied and have
shown remarkable performance as fuel electrodes in steam
clectrolysis on the laboratory seale, where the perovskite's
surface has been decorated with catalytically active Ni and Fe
nanoparticles.” It has been reported that surface decoration
with catalytically active nanoparticles can be achieved using
redox exsolution methods, where a catalytically active metal (i.e.
Ni or Fe) is incorporated into the erystal lattice of the perovskite
backbone under oxidizing conditions and is released (exsolved)
on the surface as metal nanoparticles, cither by exposure to
a reducing atmosphere or by applying a large cathodic over-
potential."* It is generally admitted that exsolutien is favoured
upon A-site deficiency: when the oxygen vacancy concentration
is high enough to partially destabilize the perovskite lattice due
to the high deficieney on A- and O-sites, metal particles from the
B-site exsolve while charge balance of the lattice is maintained.*®
A recent study by Neagu et al. about Ni exsolution on
lanthanum-calcium doped titanates and lanthanum-cerium
doped titanates by in situ observation with environmental
transmigsion microscopy (ETEM) showed that the exsolution
phenomena and thus the shape of the resulting nanoparticles
are significantly affected by the temperature and the oxygen
partial pressure (pO,),** being important operating parameters
for the 1SOC reactors.

Lanthanum chromites present an alternative towards
strontium titanates as another perovskite family that can also
host B cations to be exsolved in sitiz on their surface to enhance
the electrocatalytic activity. (La,St)(Cr,M)0O, perovskites (M =
Mn, Fe, Co and Ni) have been recently investigated for H,O
electrolysis, CO, electrolysis and H,0-CO, co-electrolysis:
mostly in stoichiometric formulations® and a few with A-site
deficiency,'”*
lanthanum chromites upon temperature and atmosphere vari-
ation remain unclear, and the performanee of such perovskite
electrodes still needs to be improved in order to achieve
comparable results with the typical Ni-cermet fuel electrodes.

However, the Ni exsolution phenomena on
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Given the operating conditions of rSOG reactors with a focus
on Solid Oxide Electrolysis Cell (SOEC) applications, the lack of Ni
exsolution research on chromites arouses the interest to investi-
gate the performance of Ni-decorated chromites as fuel electrodes
for SOCs, raising as well the importance to evaluate their durability
and performance in either mode on rSOC reactors.

In this paper, we focus on the exploration of the A-site defi-
cient chromite Lag 65510 500 ssNip 1503 5 (L6SSCIN) fuel elec-
trode decorated with Ni nanoparticles for SOC applications with
the aim: (i) of evaluating the Ni exsolution as a function of
temperature in Lag ¢5Sry 3Cre esNig 1505 5 and (ii) of character-
izing the electrochemical performance of the secreen printed
Lay ¢55ts.3CFy.55Nig1504 4 fuel electrode on a 5 cm x 5 cm ESC
in fuel cell operation (SOFC), in H,O electrolysis and H,0-CO,
co-electrolysis operation (SOEC) at high temperature.

Experimental procedures
LSCIN synthesis

Lag,e3550,3Cr0 5sNig, 15055 (L65SCIN) and Lag oSty ;Cro.gsNig, 15
03_5 (L70SCrN) ceramic powders were prepared using the
glycine nitrate combustion method described in Sun et al®
According to these two formulations, stoichiometric amounts of
La(NO;), - 6H,0 (99.9% REO Alfa Aesar), St(NO,), (98% Alfa Aesar),
Ni(NO;),-6H-0 (98% Alfa Aesar) and Cr(NO;), 9H,O (98.5% Alfa
Aesar) were dissolved in deionized water and mixed with glycine
{J.T.Baker™). The glycine molar ratio for the total content of metal
cations was 2 : 1. Next, these solutions were stirved and heated on
a hot plate until a dark green-colored gel was formed. Previous
thermogravimetric measurements in synthetic air performed on
these gels indicated that the solvent evaporation takes place at
~91 °C followed by an exothermic self-combustion reaction at
~220 °C.* Therefore, in this study, the gels were heated up to
~220 °C where self-combustion occurred. Finally, the resulting
ceramic precursors were caleined in air at a rate of 3 °C min ' up
to 1400 °C for one hour since it was the minimal firing tempera-
ture at which a perovskite phase could be achieved, which is
consistent with previous studies on lanthanum chromites,”

Characterization of LSCrN powders

Crystalline structure was investigated using X-ray diffraction
(XRD]) with a RIGAKU diffractometer operating at 40 kv and 30
mA with a Cu-Ka, ; radiation source and a Bragg-Brentano
configuration in the range of 28 from 20-80° with a scanning
rate of 0.4° min~". Crystalline phases were identified from the
ICDD database. A different scanning rate of 0.1° min~" was used
for the as-prepared and reduced L65SCrN samples, where
phases were identified and quantified by Rietveld analyses
using the FullProf.2k program suite.

Morphology and microstructure were observed with a scan-
ning electron microscope Zeiss ULTRA PLUS SEM (Carl Zeiss
AG, Germany) in combination with energy-dispersive X-ray
spectroscopy (EDX) for elemental analysis, where a Bruker
XFlash 5010 detector was operated at 125 eV with the Quantax
400 Software. The gpatial resolution was ~100 nm and elements
with atomic numbers higher than 4 (Boron) could be detected.
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Surface chemistry investigations with X-ray photoemission
spectroscopy (XPS) were carried out using a system with a base
pressure of 2 x 107'" mbar, with a hemispherical analyzer
(ESCALAB250, ThermoFisher Scientific) and a monochromated
Al Ko source with an X-ray energy of 1486.74 eV (XM1000, Sci-
entaOmicron). The peak shape analysis was carried out with
Unifit 2013, applying convoluted Gaussian/Lorentzian profiles
and a Shirley background function.”*® The surface stoichiom-
etry of the occurring atoms/signals was calculated using the
numerically fitted peak areas, photoionization cross sections
reported by Yeh and Lindau® and instrumental transmission
functions given by the manufacturer.

The reducibility of the as-prepared L65SCrN and L7058CIN
powders was characterized by means of thermogravimetric
analysis (TGA) in a reducing atmosphere (5% H,-Ar) with the
analyzer Netzsch Jupiter 449C at a heating rate of 3 *C min *
from 25 °C to 1200 “C. Such reducibility analysis by T'GA was
accompanied by a temperature-programmed reduction (TPR)
performed on the flow-through quartz rcactor TPDRO 1100
(Thermo Scientific, Italy), in which L65SCrN and L70SCiN
powder specimens were introcuced using quartz glass wool as
a support. A thermocouple (type K) was placed in a thin quartz
glass tube next to the specimen to monitor the temperature. The
oven temperature was monitored and controlled by another
thermocouple. The specimens were pretreated in the reactor
tube with flowing Ar gas at a flow rate of 20 mL min * and by
heating at a rate of 10 “C min~"' from 30 “C to 150 °C with
a holding time of 60 min. After cooling the specimen back to
30 °C, the TPR process was initiated with a reducing gas mixture
of 5% H,-Ar at a constant flow rate of 20 mL min~' and
a heating ratc of 5 “C min * from 30 °C to 1000 “C with
a holding time of 60 min at 1000 °C. Under these conditions, the
sample temperature was ~ 1000 °C while the oven temperature
was 1100 °C. The exhaust gas from the reactor was analyzed
using a Thermal Conductivity Detector (TCD).

Cell manufacturing

The L655SCrN electrocatalyst was implemented as fuel electrode
into an electrolyte-supported cell (ESC) by screen printing,
using a commercial square substrate (5 cm x 5 cm and 90 pm
of thickness) of 3 mol% Y,05-doped ZtO, electrolytes double-
side coated with ¢a. 5 pm of CepsGdy 0. 5 (CGO20-3YSZ-
CGO20) from Kerafol GmbH, Germany. The fuel electrode ink
was prepared by dispersing the L65SCrN powder in a solution
(94 wt% eT'erpineol and 6 wt% ethyl cellulose) with a powder to
solution ratio of 2 : 1, followed by mixing with the 3-roll milling
machine EXAKT 80E EL. The prepared ink was printed on the
electrolyte using the screen printer Aurel model 900 (Aurel
automation s.p.a, Italy). The half-cell was fired at 1200 “C for 1
hour in air with a heating rate of 3 °C min~". Afterwards, the
oxygen electrode was printed on the other half of the cell with
a commercial ink of Lag ;35Tg.4FCn5C00.203_5 (LSCF). The prin-
ted area for both electrodes was 16 em® (4 em x 4 ¢cm). Platinum
paste was brushed on the sintered fuel electrode surface for
current collection. Finally, the cell was fired at a rate of
3°C min ' to 1050 °C in air and held for one hour.
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Electrochemical characterization

The electrochemical performance of the L635CrN fuel electrode
in the ESC architecture was studied on the test bench described
elsewhere.? The fuel electrode was contacted with a platinum
mesh and the oxygen electrode with a gold mesh. A gold frame
was used as a sealant between the fuel and the air side. For
commissioning, the cells were heated (3 °C min ') to 900 °C
with N, (1 SLPM) and air (1 SLPM) for sealing purposes and
subsequently reduced with H, (1 SLPM) for 1 hour on the fuel
side. Afterwards, the operating temperature was adjusted to
8§60 °C. Electrochemical experiments were carried out in
different fuel gas mixtures shown in Table 1. The equilibrium
gas phase compositions and the theoretical OCV according to
the Nernst voltage were calculated with the software
CANTERA.*

Electrochemical Impedance Spectroscopy (EIS) was per-
formed in galvanostatic mode with the workstation Zahner PP-
240 in a frequency range from 50 mHz to 100 kHz. The ampli-
tude of the current stimulus was 500 mA. Distribution of
relaxation times (DRT) calculations were carried out with the
impedance analysis and modelling software ec-idea®™ and the
equivalent circuit medel-fit of the impedance data with the
commercially available program Zview®.%

In fuel cell (FC) mode, the polarization curves (i-V) were
measured from OCV to 0.8 Acm™* atarate of 0.012 As™ ' and in
electrolysis (EC) and co-electrolysis (co-EC) modes from OCV to
—1.0 Aem “ at a rate of —0.012 A s . For all operating modes
the total fuel gas flow was maintained at 1 SLPM, except for co-
EC, which was kept at 0.8 SLPM.

Results and discussion

A comparative assessment towards LSCIN reducibility and Ni
exsolution was performed between stoichiometric L70SCIN and
A-site deficient L65SCIN perovskite powder samples. Further-
more, the temperature effect on the Ni exsolution was investi-
gated on the L655CrN and the electrochemical performance was
evaluated in a full cell agssembly with an ESC architecture, in
which the L65SCrN perovskite was implemented as fuel
electrode.

Nickel exsolution assessment on LSCrN powders

Phase identifications of both the as-prepared ceramic powders
L708CrN and L65SCrN, as well as in reduced conditions (with
5% H,-AT at 3 °C min~' from 25 °C to 1200 °C) were performed

Tablel Malar composition at the inlet of the fuel gas for the different
operating modes

Operation

mode 95 H, 9 HyO % GO,
FC 90 10 —
FC-EC 50 50 —

EC 20 80 —
Co-EC 3 63.7 313
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by XRD in order to verify that the perovskite phase was stable
after the reduction treatment. X-ray diffractograms of the
L708CrN before and after reduction are shown in Fig. 1. No NiO
secondary phase or other impurities could be identified. Inter-
estingly, no metallic Ni could be detected on the reduced
L70SCrN sample as one may have expected upon reduction.
However, a few nanoparticles could be observed in the SEM
image of the reduced L70SCrN powder in Fig. S1+ in the ESL
This suggests that the total amount of metallic Ni in the
reduced L70SCIN (originating from the reduction of a possible
NiO secondary phase as well as from the likely to occur exso-
Tution of metallic Ni upen reduction of the host perovskite)
remained below the detection level of the XRD analysis, ie.
a phase content of less than 1 wt%.

In contrast, secondary phases could be identified for
L65SCrN in hoth the as-prepared and reduced samples (Fig. 2a
and b). Therefore, Rietveld analyses were performed with the
aim of quantifying those secondary phases. An orthorhombic
Tattice (spacc group 62, Lauc class mmm) was calculated for the
as-prepared L65SCrN sample with parameters to be & = 5.496 A,
b =5.450 A, c = 7.737 A and V = 231.762 A%, A secondary phase
was identified as nickel oxide (NiQ) with cubic lattice (space
group 225, Laue class mam) and lattice parameters ¢ = 4.176 A
and V= 72.851 A%, Although the NiO content was 4.22 mol%, it
was not considered to be a detrimental impurity since it would
be reduced operando into metallic Ni, being also catalytically
active and electronically conductive.

For the reduced L65SCrN sample, an expanded ortho-
rhombic lattice (also space group 62, Laue class mmm) was
caleulated (2 = 5.465 A, b = 7.758 A, c = 5.506 A and V= 233.409
A%). A sccondary phase of metallic Ni was caleulated to be
4.83 mol% with a cubic lattice (space group 225, Laue class
m3m) with ¢ = 3.524 A and V = 43.761 A®, from which the
metallic Ni characteristic peak (111) was identified at 44.4°. This
corroborates that metallic Ni can be achieved upon exposure of
L655CTN to a reducing atmosphere at high temperatures. It is
pertinent to note that the amount of metallic Ni after reduction

s 705CrN reduced
L70SCrN as-prepared

PDF# 01-076-7024

N S
PDF# 01-076-7024

|
|

20 30 40 50 60 70 80
20/"

Normalized intensity / a.u.

Fig.1 XRD patterns of the as-prepared L70SCrN powder and reduced
in 5% Ha—Ar up to 1200 °C at 3 <C min . Crystal systems were
identified with ICCD as the perovskite chromite phase: PDF# 01-076-
7024
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Fig. 2 XRD patterns of the as-prepared L655CrN powder (a) and reduced (b in 5% Hz—Ar up to 1200 “C at 3 *C min * Crystallographic
parameters and the concentration of secondary phases were calculated from Rietveld refinement.

{4.83 mol%) is greater than the content of NiO (4.22 mol%) in
the as-prepared sample, indicating that the metallic Ni has been
effectively exsolved from the L65SCrN matrix under these
reducing conditions. The characteristic peak of the perovskite
at 47.2° shifted slightly to a lower diffraction angle (46.9°),
which corresponds to an expansion of the perovskite ortho-
rhombic lattice (from 231.762 A” to 233.409 A*). This expansion
could be due to the loss of Ni’' cations from the lattice that are
reduced to Ni” and exsolved on the surface in correlation with
the consumption of vacancies on the A-site, but also due to the
oxygen loss.*** A change in the Cr™/Cr'" ratio in the host
perovskite matrix could also contribute to this expansion,
taking into account that the ionic radius in an octahedral
environment for Gr*” is 0.55 A and for Cr*" is 0.615 A.» To better
assess this, the as-prepared and reduced L655CrN powders were
also investigated by means of XPS.

At first, the XPS studies could not conclusively confirm the
presence of a metallic nickel phase in the reduced L65SCrN
sample. As the typically used signal of the Ni2p electrons over-
laps with the very distinct 3d signals of Lanthanum of an
unusual quadruplet shape, the deconvelution of the traces of
metallic nickel was not possible this way. Similar to Nenning
and Fleig,” the Ni3p region was used (Fig. 3a), which also
partially overlaps with the Cr3s signal, but the chemical struc-
ture of the surface chromivm could be evaluated by means of
the Cr2p signal (Fig. 3b) and added as boundaty to the
numerical model for the nickel 3p region, with its low cross
section. While it was possible to identify two occurring Ni
gpecies in both the as-prepared and reduced L65SCrN samples,
which are attributed to oxidic Ni*' (~67.2 eV) and surface
Ni(OH), (~69.6 eV),* the clear evidence for a Ni’ species is lost
in the signal noise. However, the signal deconvelution, which
was pertformed using the aforementioned chromium signature
and a fixed Lorentzian peak width for the as-prepared sample,
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converged to a result with Gaussian line widths of 2.2 ev (Ni*')
and 2.6 eV (Ni{OH),), which correspond to the overall findings
of broader signals for the latter. For the reduced sample, it
converged to Gaussian linewidths of 3.0 ev (Ni*") and 2.2 ev
{Ni(OH);) - which has to be considered a false solution, due to
the resulting linewidths. The deconvolution with three
components, Ni**, Ni(OH), and Ni®, however, could not be
calculated successfully. The accuracy of the peak fit, which
relies on the data quality, may be argued, but the indirect
indicator supports the findings from the XRD evaluation.

It has to be noted that the high surface sensitivity of this
method might misguide the interpretation if not considered. The
information depth, ie 34, where 4 is the escape depth of the
relevant electrons, is below 10 nm,*” which means that only the
topmost surface of the crystallites is visible to this method. This
surface sensitivity may also explain the presence of Ni{OH), that
can easily form on top of the nickel exsolved surface particles.*®

The nickel ratio was calculated with the Ni3p signal for the
as-prepared and reduced samples. The concentration of nickel
on the surface was 11.2 at% for the as-prepared sample and 3.8
at% for the reduced sample (Table 2). These results, which may
seem surprising at first, could be explained by an agglomeration
of surface nickel in nanoparticles upon reduction. Since their
typical particle size (Fig. 3d) is larger than the information
depth, that is less than 10 nm, they may not be fully probed by
XPS. This is an important finding because this suggests that
nickel on the surface of the L65SCrN sample changes its
distribution, one can expect homogencous on the surface of the
as-prepared perovskite, to a more heterogeneous distribution
where nickel is agglomerated and likely concentrated into
nanoparticles during reduction. This indicates that the top
surface of the perovskite after reduction tends to be depleted in
nickel, yielding an overall reduction of the nickel concentration
on the surface of the material analyzed by XPS.

4 Mater Chem. A

129



Open Access Article. Published on 01 February 2021. Downloaded on 2/15/2021 11:14:59 AM.

This article is licensed under a Creative Commons Attribution 3.0 Unported Licence.

(ec)

Journal of Materials Chemistry A

Ni3p / Cr3s
B nio

[ Ini(oH),
:]Chromium

reduced

Photoemission intensity

as-prepared

T T T T

85 80 75 70 65 60
Binding Energy / eV

View Article Online

Paper

b

Chromium 2p

[T cr** (oxide)
- cr** (hydroxide)
[ cr®

reduced

Photoemission intensity

as-prepared

585 580 575
Binding Energy / eV

590 570

Fig. 3 {a} Photoemission (XPS) spectra of the overlapping nickel 3p and chromium 3s region. The chromium signature was fed into the model
based on the data obtained from more distinct chromium 2p signals shown in (b). The linewidth of the NiO peak fit of the reduced sample reveals
that an additional (metallic) nickel component at ~65 eV on the surface of the reduced sample may be hidden, but could not be resolved. (b)
Photoemission spectra of the chromium 2p region. Possible Cr*' cannot be distinguished from the predominant oxidic Cr*'. (c) SEM image of
the as-prepared L65SCrN powder sample and (d) reduced L65SCrN powder sample (subjected to a thermal treatment with 5% H,—Ar at a ramp of
3°C-min~! from 25 °C to 1200 *C). Both (c) and (d) powder samples were analyzed by XRD and XPS.

Table 2 Atomic percentages of surface species, calculated from the
photoemission spectra

Surface species As-prepared Reduced
cr** (oxide) 10.7 at% 14.2 at%
¢r®' (hydroxide) 7.8 at% 10.3 at%
cr® 5.2 at% 5.4 at%
Ni3p (total) 11.2 at% 3.8 at%

The ratio between the surface states of chromium was
determined by a peak fit of the Cr3p region. The separated
components were identified, according to systematic studies by
Biesinger et al,” to be Cr'' (oxide) at ~575.7 ¢V, Cr’
(hydroxide) at ~577.6 €V, and Cr® at 579.5 eV. A Cr*" state, as
a possible cause for the observed change in lattice parameters,
has been discussed in earlier works on LSCr perovskites,* but

J Mater. Chem. A

cannot be distinguished with this method due to the very close
binding energies of Cr*" and the anomalous Cr*.*** Consid-
ering the inherent surface sensitivity of photoemission spec-
troscopy, the bulk properties of the investigated perovskite
crystallites are not accessible anyway, and the surface states of
chromium are not relevant to the lattice parameters. However,
the surface stoichiometry (Table 2) of these chromium species
can give indirect insight. The reduced L65SCrN sample shows
an abundance of surface Cr*' (both oxidic and hydroxide),
which would be consistent with the mentioned lattice expan-
sion observed by XRD (Fig. 2).

In order to better understand and highlight the role of the A-
site deficiency in the Ni exsolution, TGA and TPR were per-
formed in a reducing atmosphere (5% H,-Ar) on the as-
prepared L70SCtN and L65SCrN powders. Since no other vola-
tile species or compounds are expected to be formed during
such thermal treatments, the net weight loss measurement by
TGA is attributed to the net loss of oxygen, assuming that the

I'his journal is & The Royal Scciety of Chemistry 2021

130



Article I b

131





























































































































































































