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Résumé

Cette thése se concentre sur les performances électrochimiques et la chimie de
surface des cellules d'électrolyse a oxyde solide avancées (SOEC), avec une attention
particuliere sur le comportement des électrodes Ni/YSZ lors de I'électrolyse de I'eau.
Les SOEC présentent un potentiel considérable pour la production d'hydrogéne par
électrolyse de I'eau et le stockage d'énergie, tandis que les piles a combustible a oxyde
solide (SOFC) utilisent I'hnydrogéne pour la production d'électricité. Compte tenu de
I'efficacité économique, de la compatibilité thermique et de la haute conductivité des
composites a base de nickel, largement utilisés dans les applications industrielles,
cette recherche se concentre sur l'amélioration de ces matériaux grace a la
modification de surface.

A l'aide de la spectroscopie de photoélectrons par rayons X & pression quasi ambiante
(NAP-XPS), l'interaction entre les électrodes Ni/YSZ et la vapeur d'eau a été étudiée
dans des conditions de circuit ouvert et de polarisation. Des modifications ont été
apportées aux cathodes poreuses traditionnelles en Ni/YSZ afin d'observer
directement les zones fonctionnelles proches de I'électrolyte YSZ. Les résultats ont
révélé des changements dynamiques dans les états d'oxydation et la composition du
Ni/YSZ dans des atmosphéres de H2 et de H20. En outre, cette étude met en lumiére
l'impact de Il'oxydation des électrodes sur la dégradation pendant I'électrolyse et
souligne la relation entre I'état d'oxydation de la surface du nickel et les performances
électrochimiques de la cellule.

Des nanoparticules (NP) a base de cérium ont été introduites pour modifier la surface
des électrodes Ni/YSZ. Deux types de NP — le cérium dopé au nickel (NiCeOx) et le
cérium non dopé (CeOy) — ont été synthétisés et utilisés pour imprégner des
électrodes métalliques Ni/YSZ préfabriquées. L'étude comparative a montré que le
NiCeOx présentait des performances supérieures en raison d'une meilleure dispersion

et d'une taille de particules plus réduite. Les résultats obtenus par synchrotron ont
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également révélé que le dopage au nickel modifiait les propriétés rédox du cérium,
conduisant a une réduction plus forte de Ni/YSZ par rapport a CeOy, ce qui a augmenté
le nombre de sites actifs et amélioré I'efficacité de I'électrolyse. De plus, des essais
expérimentaux impliquant des nanoparticules de cérium dopé au vanadium et au
cobalt ont été présentés, bien que les améliorations de performances aient été
limitées.

Enfin, les surface des électrodes Lao.sSro.4Coo.2Feo.803-5 (LSCF) ont été étudiés, en se
concentrant sur la ségrégation du Sr. L'étude a également examiné le PrsO11 en tant
que catalyseur électrochimique alternatif pour les applications SOEC, démontrant son
potentiel.

En somme, cette recherche souligne I'impact significatif des modifications de surface
des nanoparticules sur les performances électrochimiques des électrodes dans
I'électrolyse de l'eau, révélant des améliorations notables en termes d'efficacité et de
stabilité. La combinaison d'une conception innovante des matériaux et de techniques
de caractérisation avancées offre des perspectives précieuses pour le développement

de solutions énergétiques durables.

Résumé en anglais

This thesis focuses on the electrochemical performance and surface chemistry of
advanced Solid Oxide Electrolysis Cells (SOECs), with particular emphasis on the
behavior of Ni/YSZ electrodes in water electrolysis. SOECs hold significant potential
for hydrogen production through water electrolysis and energy storage, while Solid
Oxide Fuel Cells (SOFCs) use hydrogen for power generation. Given the cost-
effectiveness, thermal compatibility, and high conductivity of nickel-based composites,
widely used in industrial applications, this research concentrates on improving these
materials through surface modification. Using Near Ambient Pressure X-ray
Photoelectron Spectroscopy (NAP-XPS), the interaction between Ni/YSZ electrodes
and water vapor under both open-circuit and polarization conditions was investigated.
Modifications to traditional porous Ni/YSZ cathodes were made to directly observe the
functional electrode areas near the YSZ electrolyte. Results revealed dynamic
changes in the oxidation states and composition of Ni/YSZ in H2 and H20
atmospheres. Additionally, the study emphasizes the impact of electrode oxidation on

degradation during electrolysis and highlights the relationship between the nickel
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surface oxidation state and the cell’'s electrochemical performance. Cerium-based
nanoparticles (NPs) were introduced to modify the surface of Ni/YSZ electrodes. Two
types of NPs—Ni-doped ceria (NiCeOx) and undoped ceria (CeOy)—were synthesized
and used to impregnate pre-fabricated Ni/YSZ cermet electrodes. The comparative
study demonstrated that NiCeOx exhibited superior performance due to enhanced
dispersion and reduced particle size. Synchrotron results further showed that Ni doping
altered the redox properties of ceria, leading to stronger reduction of Ni/YSZ compared
to CeOy, which increased the number of active sites and improved electrolysis
efficiency. Additionally, the thesis presents experimental trials involving vanadium and
cobalt-doped ceria nanoparticles, although their performance enhancements were
limited. Finaly the surface state of Lao.eSro.4Coo.2Fe0s8035 (LSCF) electrodes were
explored, focusing on Sr segregation. The study also examined PrsO11 as a potential
alternative electrocatalyst for SOEC applications.

Overall, the research highlights the significant impact of nanoparticle surface
modifications on the electrochemical performance of electrodes in water electrolysis,
revealing substantial improvements in both efficiency and stability. The combination of
innovative material design and advanced characterization techniques offers valuable

insights for the future of sustainable energy solutions.
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a) Introduction

Les problémes liés aux émissions de gaz a effet de serre, a 1'approvisionnement en énergie et a
leurs cotts, ainsi qu'aux questions de santé publique et aux changements climatiques, incitent
fortement a se tourner vers des ressources €nergétiques respectueuses de l'environnement et
durables. L'hydrogéne est considéré comme un vecteur énergétique attractif et un moyen de
stockage pour les sources d'énergie intermittentes [1,2]. Les SOECs (cellules d’¢électrolyse a
oxyde solide) a haute température sont vues comme une méthode efficace pour I'¢lectrolyse de
I'eau en raison de la cinétique et de la thermodynamique favorables a des températures ¢élevées
[3,4]. En plus de leur haute efficacité, les SOECs produisent également de 'oxygene pur, ce qui
améliore considérablement la viabilité économique du processus. Ainsi, les SOECs offrent un
moyen de stockage d'énergie chimique ou servent de vecteur en convertissant I'énergie
renouvelable ou 1'énergie excédentaire des centrales fossiles en hydrogéne ou en gaz de
synthése. Dans les années 1960, la NASA a d'abord démontré 1'¢lectrolyse de H2O, CO: et des
mélanges H2O/COz dans des SOECs pour la production d'oxygéne dans les sous-marins et les
engins spatiaux [5,6].

Cependant, les SOECs ne sont pas encore viables commercialement, principalement en raison
des défis liés au développement de matériaux capables de répondre aux exigences de
performance et de durabilité a des températures de fonctionnement €levées. Un dispositif SOC
est constitué d'un électrolyte céramique pris en sandwich entre deux électrodes poreuses,
permettant la conduction ionique et les réactions électrochimiques nécessaires a la conversion
d'énergie. L'efficacité des SOECs dépend largement des taux de réaction électrochimique aux
¢lectrodes ainsi que de la vitesse de transport de 1'oxygene dans I'électrolyte. Bien que certaines
recherches visent a réduire les températures de fonctionnement a des niveaux moyens ou bas
pour diminuer les colits et améliorer la durabilité, les recherches sur les matériaux clés et la
conception des systémes SOECs en sont encore a leurs débuts. Les composites céramique-métal
optimisés pour les SOFCs (piles a combustible a oxyde solide) demeurent la référence pour les
¢électrodes cathodiques des SOECs.

Les problemes de dégradation se divisent en effets réversibles et irréversibles. Les effets
irréversibles sont liés a la stabilité mécanique de I'appareil SOEC, mais 'accent de ce travail est
mis sur la compréhension de I'oxydation des surfaces d'électrodes, identifiée comme 1'une des

principales causes de dégradation réversible. Cela implique d’abord I'é¢tude de la chimie
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de surface des ¢lectrodes Ni/YSZ dans une atmosphére de SOEC, en utilisant principalement
la spectroscopie de photoélectrons a rayons X en conditions de pression quasi-ambiantes (NAP-
XPS) pour examiner l'impact des conditions de surface sur les performances ¢électrocatalytiques.
Ensuite, a partir de ces résultats, la surface du Ni/YSZ a été modifiée a I’aide de nanoparticules
d'oxyde de cérium (CeOz), et d'autres nanoparticules cérium dopées avec différents ions ont été
explorées. De plus, cette étude analyse les caractéristiques chimiques de surface de deux

¢lectrodes de type pérovskite SOEC apres une longue période de fonctionnement.

b) Résultats et discussions

I. Révélation des caractéristiques clés de l'interface des électrodes Ni/YSZ des cellules a
oxyde solide dans 1'électroréduction de H>O grice a la spectroscopie photoélectronique

aux rayons X opérando

Nous avons utilisé des techniques de NAP-XPS et NAP-HAXPES basées sur des sources
synchrotron pour étudier les caractéristiques de surface et sous-surface des électrodes Ni/YSZ
dans des conditions de circuit ouvert et sous polarisation.

Pour I'étude de la réduction par Hz et I'oxydation par H20 en fonction de la température, des
¢lectrodes Ni/YSZ calcinées ont été exposées a 0,5 mbar de Hz a 250 °C, puis la température a
été augmentée progressivement. Les spectres NAP-XPS du Ni 2p et Zr 3d ont été acquis apres
15 minutes a chaque température spécifique. L'évolution des spectres Ni 2p32 en atmosphére
de Ha puis de vapeur d'eau en fonction de la température est illustrée dans la Figure 1a, avec les
résultats de I'ajustement présentés dans la Figure 1b. La Figure 1b montre qu'environ 90 % du
Ni?* subit une réduction dans une plage étroite de température comprise entre 325 et 375 °C,
tandis que 10 % du nickel oxydé résiste a la réduction méme a 400 °C. Ce comportement est
conforme a la réduction attendue du NiO par Hz, caractérisée par une période d'incubation qui
diminue avec I'augmentation de la température. Apres la formation initiale de Ni métallique, le
processus de réduction s'accélere en raison de l'influence catalytique du Ni sur la réactivité de
Haz [7]. Le rapport des aires de pics Ni 2p/Zr 3d (Rniizr) diminue avec l'augmentation de la
température, reflétant la réduction du nickel en surface, ce qui pourrait étre attribu¢ a des
changements volumétriques et/ou un transfert de masse des particules de nickel lors de la
réduction.

Apres ce processus de réduction, I'¢lectrode Ni/YSZ a été refroidie a 250 °C et Hz a été remplacé
par de la vapeur d'H20, puis la température a de nouveau été¢ augmentée pour l'acquisition des

spectres en présence de H20. Comme illustré dans le panneau supérieur de la Figure 1a, au-dela
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de 425 °C, de nouvelles caractéristiques apparaissent dans les spectres Ni 2pss2, indiquant une
ré-oxydation du Ni® par H20. Contrairement a la réduction par Ha, 1'oxydation par H20 s'étend
sur une large gamme de températures. A 600 °C, environ 40 % du nickel reste sous forme
métallique, comme illustré dans la Figure 1b. Le rapport Rni/zr reste relativement stable jusqu'a

500 °C, mais montre une augmentation soudaine au-dela de cette température.

(b)  Ni2p/zr3d
0.7 0.8 0.9

-(a) Ni 2p‘3/z
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- —
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. : o
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Figure 1. (a) présente les spectres NAP-XPS du Ni 2p3/2 des électrodes Ni/YSZ pré-calcinées
en fonction de la température de recuit, mesurés avec une énergie photonique de 1065 eV sous
une pression de 0,5 mbar d'Oz, de Hz et de H20. (b) Le pourcentage atomique du composant
métallique Ni (%Ni’) par rapport a I'ensemble du spectre Ni 2p32, estimé par ajustement des
pics, est montré a droite. Le rapport des aires des pics Ni 2p / Zr 3d, normalisé aux facteurs de
sensibilité et au flux de photons, est également représenté. L'erreur sur les ratios Rnizr et

RNi/NiO est estimée a £2 % et =5 % respectivement.

Ensuite, les électrodes ont été¢ soumises a des conditions d'électrolyse H2O/H: afin d'examiner
comment I'état d'oxydation de la surface du nickel influence les performances de la cellule. 11
est essentiel de co-alimenter en Hx avec H20 pour éviter 1'oxydation de I'électrode et sa
désactivation rapide. Les résultats spectroscopiques ont été combinés avec l'analyse en ligne de
la phase gazeuse et la caractérisation électrochimique de la cellule, permettant ainsi de corréler

les états chimiques de surface avec les performances électrocatalytiques. L'électrode a d'abord
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subi un traitement sous pH20/pO2 (9/1) a 750 °C pendant 15 minutes, puis l'atmosphére a été
remplacée par du Hz pour 1'¢lectrolyse H2O/Hz (Ew-c = 2,5 V, pH20/pH2 = 9/1 a 750 °C). Pour
éclaircir l'effet de 1'état de surface d'origine sur la performance de 1'¢lectrolyse, une seconde
cellule a été prétraitée en enrichissant temporairement l'atmosphere en Hz (le ratio pH20/pHz a
¢été augmenté a 2/1 pendant moins d'une minute). Ainsi, deux électrodes ont été obtenues : l'une
plus "oxydée" (Rninio d'environ 0,48) et 'autre plus "réduite" (Rninio d'environ 1,6). La densité
de courant moyenne, la production d'Oz et les diagrammes de Nyquist suggerent que la cellule
avec I'électrode "réduite" Ni/YSZ présente de meilleures performances que celle "oxydée". Ces
résultats sont conformes aux attentes, a I'exception des spectres Ni 2p obtenus au début et a la
fin du cycle d'électrolyse. L'estimation relative des quantités de Ni° et de NiO par ajustement
des pics Ni 2p montre que les deux électrodes ont presque conservé leur état d'oxydation de
surface initial, plutot que de devenir toutes deux plus oxydées.

Afin de comprendre pourquoi le nickel de surface présente ce comportement « anti-oxydant »,
nous avons effectué des tests de profil en profondeur. La distribution en profondeur des phases
oxydées et métalliques du nickel a été analysée a travers les spectres Ni 2p obtenus par les
mesures NAP-XPS et NAP-HAXPES, en utilisant des photons incidents avec des énergies de
1065 eV et 4900 eV, permettant ainsi un profil de profondeur depuis la surface externe (1,6 nm)
jusqu'aux couches sous-jacentes (12,1 nm). Comme le montrent les Figures 2, pendant les
conditions d'électrolyse, les spectres Ni 2p présentent une similarité marquée aux deux
profondeurs d'analyse, tandis qu'en circuit ouvert, ils difféerent de maniére significative. Le
rapport Rninio a été approfondi a l'aide du logiciel SESSA, permettant de simuler la
morphologie de la surface correspondante. Comme illustré, 1'électrode "oxydée" Ni/YSZ
présente une légeére augmentation du Rninio a une profondeur d'analyse plus importante (Figure
2a), indiquant que le NiO se trouve principalement a la surface, avec un substrat de 45 % Ni° -
55 % NiO recouvert par des ilots de NiO de 17 % d'une épaisseur de 0,55 nm. Le Rninio reste
pratiquement identique pour I'électrode plus « réduite » aux deux profondeurs d'analyse (Figure
2b), avec une composition de 63 % de nickel et 37 % de NiO. En circuit ouvert (Figure 2c), ils
sont mieux simulés par une couche dense de NiO de 0,37 nm d'épaisseur couvrant un substrat
composé de 40 % de Ni et de 60 % de NiO. Les résultats suggerent une configuration inattendue
entre le Ni0 et le NiO dans I'¢lectrode partiellement oxydée Ni/YSZ, différente de 1'oxydation
classique des métaux de transition qui commence par la formation d'une fine couche d'oxyde
en surface, comme observé en circuit ouvert. En tout cas, les expériences de photoémission

operando apportent des preuves solides que pendant 1’¢lectrolyse, le NiO se forme
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principalement de maniére horizontale ou latérale, plutdt que de progresser depuis la surface
vers l'intérieur des particules de nickel comme cela se produit lors d'une oxydation

conventionnelle en phase gazeuse.

0.55 nm NiO (0.17 of a layer)

=380 NAPXPS T
Ni Ni
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Figure 2. Les spectres de coeur Ni 2p ont ét€¢ mesurés a 1'aide de photons d'énergies de 1065 eV
(NAP-XPS) et 4900 eV (NAP-HAXPES) sur I'¢lectrode Ni/YSZ dans les conditions suivantes :
(a) Ew.c =2,5V, I mbar H2O:H>=9:1 a 750 °C (apres un prétraitement de réduction modéré),
(b) Ew.c=2,5V, 1 mbar H20:H>=9:1 a 750 °C (aprés un prétraitement de réduction sévere), et
(¢) circuit ouvert, 1 mbar H20 a 750 °C (aprés réduction sous Hz). L'intervalle de temps entre
les mesures NAP-XPS et NAP-HAXPES était d'environ 3 minutes. La morphologie de surface
ayant permis d'obtenir l'ajustement optimal pour le Rninio expérimental dans la simulation

SESSA est représentée en haut de la figure.

II. L'influence des nanoparticules de cérium dopées au nickel et non dopées sur les

performances électrochimiques des cathodes Ni/YSZ lors de I'électrolyse de I'eau

Aprés avoir étudié 1'état chimique de la surface des électrodes Ni/Y SZ non modifiées (pristine),
nous avons entrepris de rechercher I'amélioration des performances électrochimiques des
¢électrodes Ni/YSZ par l'infiltration de deux types de nanoparticules d'oxyde de cérium

(Nio.2Ceo.802-x NPs et CeOy NPs) sous forme de solutions organiques dans des électrodes cermet
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Ni/YSZ pré-réduites. La technique utilisée par notre groupe permet d’éviter les étapes
répétitives et lourdes d'infiltration et de co-frittage, tout en assurant une dispersion rapide et
homogéne des nanoparticules dans la structure de 1'électrode, minimisant ainsi les risques
d'agglomération et de blocage. Théoriquement, I'introduction de I'oxyde de cérium a la surface
du Ni/YSZ pourrait offrir un grand nombre de sites d'interface d'oxyde de cérium, réduisant
ainsi les pertes de surtension et augmentant la durabilité, tout en conservant les excellentes
propriétés thermiques et la stabilit¢ mécanique du Ni/YSZ. Parallé¢lement a la synthese et a la
caractérisation de ces nanoparticules, leur influence sur les performances électrochimiques des
cathodes NiCe@NiYSZ a ét¢ évaluée.

Selon la méthode proposée, deux types de nanoparticules d'oxyde de cérium ont été préparées
en solution organique : i) des nanoparticules de CeO2 non dopées (CeOy) et ii) des
nanoparticules de CeO2 dopées au Ni (Nio.2Ceo.sO2-x, abrégées en NiCeOx) [8,9]. Tout d’abord,
les propriétés physico-chimiques des nanoparticules a base de cérium en solution ont été
étudiées a I'aide de plusieurs techniques de caractérisation. Les données de la thermogravimétrie
(TGA) indiquent que le pourcentage de masse finale des NiCeOx est inférieur a celui des CeOy,
avec des valeurs moyennes de 23,0 £ 1,0 % et 33,2 + 1,2 %, aboutissant a des concentrations
massiques respectives de 4,9 mg/mL pour NiCeOx et 5,4 mg/mL pour CeOy. La technique de
diffusion dynamique de la lumiére (DLS) a permis d'évaluer le profil de distribution de taille.
Une proportion significative (77,9 %) des nanoparticules NiCeOx en solution dans 1'hexane
forme des agrégats d'une taille approximative de 0,75 pm, tandis que les nanoparticules de CeOy
forment des agrégats plus grands d'environ 1,32 pm, avec 79,9 % des particules atteignant cette
taille. La diffraction des rayons X (XRD) a révélé la cristallinité des nanoparticules NiCeOx et
CeOy avant et apres calcination. D'apres 1'équation de Debye-Scherrer, les tailles des cristallites
des NiCeOx et CeOy non calcinés ont été estimées a environ 3,8 £ 0,3 nm et 4,8 + 0,5 nm,
respectivement. Apres calcination, les tailles des cristallites ont été calculées a 6,5 = 0,2 nm et
7,4 £ 0,2 nm, respectivement.

Ensuite, nous avons procéd¢ a l'infiltration des nanoparticules dans les électrodes Ni/YSZ
(selon les étapes illustrées dans la Figure 3). Il y a eu des différences significatives dans les
résultats et la quantité d'infiltration entre les deux types de nanoparticules. Nous supposons que
ces variations sont principalement dues a l'effet d'agglomération des nanoparticules de CeOy
dans la phase liquide, ce qui rend leur imprégnation plus difficile. Les demi-cellules cermet
Ni/YSZ supportées par électrolyte, produites par Kerafol GmbH, ont une épaisseur totale

d'électrode de 40 a 45 um. Nous avons découpé ces cellules en quarts d'une surface de 2 cm?,
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soit une surface d'environ 0,785 cm?. De simples calculs montrent que chaque 10 pL de
nanoparticules de NiCeOx correspond a une charge de 18,06 mg/cm?, tandis que pour CeOy,

chaque 10 pL permet une charge de 19,91 mg/cm®.

. : .
NiCeO, solution &
H, reduction infiltration

[

NiCeO, NPs

Calcinate
at 450 °C

Figure 3. Représentation schématique du processus d'infiltration des nanoparticules NiCeOx et
CeOy sur des électrodes Ni/YSZ préfabriquées.

Pour élucider la performance électrochimique des échantillons infiltrés avec des nanoparticules
NiCeOx et CeOy, nous avons employ¢ la chronoamperométrie, le balayage linéaire en escalier,
les tests de stabilité a long terme et la spectroscopie d'impédance électrochimique (EIS). Pour
l'infiltration de NiCeOx, nous avons commencé avec une quantité de 10 puL, puis doublé a 20
pL, 40 uL, 80 pL, et enfin 160 puL. En ce qui concerne CeOy, nous avons examiné des charges
de 5 uL et 10 uL en raison de la taille des particules agrégées trop grande dans la phase liquide.
Initialement, les cathodes Ni/YSZ ont subi une oxydation a 400 °C dans Oz, suivie d'une
réduction a 700 °C dans H: afin d'éliminer le carbone organique. Ensuite, l'environnement
gazeux a €té changé pour une atmosphere d'électrolyse de 2 mbar de H20 et Hz (1:1), avec une
température d'électrolyse maintenue de manieére constante a 700 = 5 °C. Au cours des
expériences d'électrolyse, un spectrométre de masse a quadrupole (QMS) a été utilisé pour

analyser la composition des gaz d'échappement.
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Figure 4. (a) Six groupes de résultats expérimentaux de chronoamperométrie (CA) pour le
NiYSZ imprégné avec différentes quantités de nanoparticules NiCeOx ; (b) Signal QMS intégré
correspondant pour le gaz Oz (m/e 32) a chaque potentiel durant les expériences avec les
nanoparticules NiCeOx, enregistré dans la chambre de réaction par spectrométrie de masse en
ligne ; (c¢) Trois groupes de résultats expérimentaux de CA pour le NiYSZ imprégné avec
différentes quantités de nanoparticules CeOy; (d) Signal QMS intégré correspondant pour le
gaz O2 a chaque potentiel durant les expériences avec les nanoparticules CeOy. Conditions
d'¢lectrolyse : atmosphere de 2 mbar de H20 et Hz (1:1), avec la température d'électrolyse
maintenue de maniere constante a 700 £ 5 °C.

Le cellule infiltrée avec des nanoparticules NiCeOx montre des résultats d'électrolyse optimaux
a une charge de 80 pL (voir Fig. 4a), ou I'augmentation du courant d'électrolyse est d'environ
quatre fois a 0,5 V, six fois a 1,0 V et cinq fois a 1,5 V, atteignant 130 mA/cm? par rapport a
I'électrode non infiltrée. Les performances diminuent & une charge de 160 pL. Dans les
expériences d'imprégnation avec des nanoparticules CeOy (voir Fig. 4c), la performance
optimale se produit a une charge de 5 pL, atteignant environ 57 mA/cm?. Les signaux d'O:
détectés par le QMS présentés dans les Fig. 4b et 4d correspondent bien aux mesures électriques,
confirmant que I'amélioration des performances est attribuée a une plus grande activité

¢électrocatalytique des €lectrodes aprés modification. Les résultats de 1'EIS montrent également
20
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que la cellule infiltrée avec des nanoparticules NiCeOx présente une impédance totale plus
faible, principalement avec une diminution de la résistance a la polarisation (Rp) a mesure que
la quantité¢ d'imprégnation augmente. Les comparaisons avec la méthode de balayage linéaire
et la stabilité a moyen terme confirment également que les nanoparticules NiCeOx montrent des

performances de modification supérieures.

Pour explorer davantage 1'impact du dopage par le nickel sur les nanoparticules CeOy, des
expériences de photoélectronique a pression ambiante (NAP-XPS) ont été réalisées. Pour la
préparation des échantillons, des suspensions de nanoparticules ont été déposées sur un mince
film d'or. Les échantillons ont ensuite été soumis a un processus de séchage et de calcination a
450 °C pour oxyder complétement et volatiliser le solvant organique ainsi que le revétement
d'oléylamine. Pendant la caractérisation, 1 mbar de Hz a été introduit dans la chambre NAP-
XPS pour créer une atmosphere réductrice. Deux énergies de photon différentes (1065 eV et
1800 eV) ont été utilisées pour analyser chaque échantillon. Une comparaison des deux types
de nanoparticules révele des différences notables (voir Fig. 5). Le taux de réduction des
nanoparticules CeOy progresse progressivement avec l'augmentation des températures, suivant
une tendance relativement lisse. En revanche, les nanoparticules NiCeOx subissent une
réduction rapide a 450 °C, et de 450 °C a 550 °C, le taux de réduction ralentit. L'état de valence
moyen final des nanoparticules NiCeOx est inférieur a celui des nanoparticules CeOy, d'environ
0,32 (couche superficielle) et 0,2 (couche profonde). Cette découverte fournit un apercu
supplémentaire sur les raisons pour lesquelles les électrodes imprégnées de nanoparticules
NiCeOx présentent une performance d'électrolyse supérieure par rapport a celles modifiées avec

des nanoparticules CeOy.
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Figure 5. (a) Spectres de Ce dans les nanoparticules NiCe via une énergie de photon de 1065
eV a400 °C, 450 °C, 500 °C et 550 °C lors de la mesure NAP-XPS sous une atmosphere de Hz
a 1 mbar ; (b) Spectres de Ce dans les nanoparticules NiCe via une énergie de photon de 1800
eV a 4 températures pendant la mesure NAP-XPS; (c) Spectres de Ce dans les nanoparticules
CeOy via une énergie de photon de 1065 eV a 4 températures lors de la mesure NAP-XPS ; (d)
Spectres de Ce dans les nanoparticules CeOy via une énergie de photon de 1800 eV a 4

températures pendant la mesure NAP-XPS.

I11. Etude de I'effet sur les électrodes Ni/YSZ imprégnées de nanoparticules de céramique

dopées au vanadium et au cobalt

Encouragés par les nanoparticules de céramique dopées au nickel, nous avons commencé a
explorer l'application d'autres cations dopés dans les nanoparticules de céramique a 1'électrode
Ni/YSZ pour I'¢lectrolyse de 1'eau a haute température. Les éléments vanadium (V) et cobalt
(Co) se présentent comme de bons choix. En nous basant sur différentes méthodes de synthése
trouvées dans la littérature, nous avons produit des nanoparticules VOx, des nanoparticules de
V fabriquées avec des schiffs bases (abrégées V-L NPs) et des nanoparticules de V-octa

ajoutées avec de l'octadecanol pour ajuster la taille des particules. De plus, nous avons
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synthétisé des nanoparticules de céramique dopées au V (VCeOx) et des nanoparticules de
céramique dopées au Co (CoCeOx). Aprés caractérisation DRT, nous avons constaté que la
taille moyenne des nanoparticules VOx, V-L et V-octa est d'environ 38 nm, tandis que la taille
des nanoparticules VCeOx est d'environ 12,9 nm et celle des nanoparticules CoCeOx est
d'environ 4,5 nm.

Nous avons ensuite procédé a des tests de performance électrolytique sur les trois types de
nanoparticules de V, en utilisant une méthode similaire a celle appliquée pour les NiCeOx et
CeOy. Les résultats n'ont toutefois pas montré d'effet de promotion des nanoparticules de V sur
1'¢lectrolyse de 1'eau a haute température.

Nous avons utilisé la technologie NAP-XPS pour caractériser les effets de dopage des
nanoparticules VCeOx et CoCeOx, afin d'explorer l'impact de ces deux éléments sur la
réductibilité du Ce. Pendant la caractérisation, 1 mbar de H> a été introduit, avec des
températures variant de 200 °C a 800 °C avec une montée de 10 °C /min. Les résultats montrent
que les nanoparticules VCe se distinguent par leur comportement, car entre 200 °C et 400 °C,
le Ce est presque completement réduit. La courbe de réduction du Ce dans les nanoparticules
CoCeOx est trés similaire a celle des NiCeOx.

Les résultats des expériences é€lectrochimiques montrent que les nanoparticules VCeOx ont
presque un effet négatif lors des expériences d'é¢lectrolyse de I'eau a haute température ; plus la
quantité d'imprégnation est €levée, plus la performance se dégrade, entrainant une augmentation
de la résistance a la polarisation. En revanche, les électrodes Ni/YSZ imprégnées de
nanoparticules CoCeOx affichent effectivement de meilleures performances, bien que
I'augmentation de la quantité d'imprégnation ne conduise plus a une amélioration des

performances (voir Figure 6).
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Figure 6. (a) Résultats de I'¢lectrolyse CA de H2O + H2 avec différentes charges de
nanoparticules VCe. Il est a noter que différentes charges de solution de nanoparticules ont été
imprégnées sur la méme électrode Ni/YSZ ; (b) EIS des résultats de H2O + Hz avec différentes
charges de nanoparticules VCe ; (¢) Résultats de I'électrolyse CA de H20 + H:z avec différentes
charges de nanoparticules CoCe; (d) EIS des résultats de H2O + Hz avec différentes charges de

nanoparticules CoCe.

Nous avons utilis¢ la spectroscopie XAFS combinée a des mesures de température programmeée
sous atmospheres controlées pour fournir des résultats de caractérisation spectroscopique plus
complets. Les mesures de XAFS au seuil K du nickel ont été réalisées en mode transmission.
Les nanoparticules de cérium dopées et non dopées au nickel, au cobalt et au vanadium ont
ensuite ét¢ imprégnées dans des électrodes Ni/YSZ, puis calcinées dans un four a mufle a
600 °C pendant une heure pour assurer une oxydation compléte. Par la suite, une caractérisation
de réduction programmée en température par XAFS a été effectuée dans une atmosphére
d'hydrogéne, avec une plage de température allant de 25 °C a 480 °C (avec un taux de chauffage
d'environ 8 °C/min). Les résultats XANES et EXAFS obtenus lors de la montée en température

ont été analysés (voir Figure 7). Nous avons réalisé un ajustement par combinaison linéaire
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(Linear Combination Fitting, LCF) pour chaque échantillon en fonction de la température, afin
de montrer I'ampleur de la réduction a différentes températures.

Les données XANES révelent un bord de montée distinct pour tous les échantillons. Ce bord
de montée est plus prononcé dans les échantillons imprégnés de nanoparticules par rapport a
I'échantillon de référence non traité, indiquant la présence d'une certaine quantité de nickel
réduit dans ces échantillons. Cela suggere que les nanoparticules imprégnées entravent
l'oxydation de 1'¢lectrode Ni/YSZ pendant le processus de calcination a 600 °C. En revanche,
seul I'échantillon de référence non traité présente des pics Ni-O plus prononcés, qui
correspondent a I'état oxydé. Un examen plus attentif révele que, dans les électrodes imprégnées
de nanoparticules CeO:z et VCe, la majeure partie du nickel existe sous forme de liaisons Ni-Ni,
tandis que les échantillons CoCe et NiCe montrent une proportion plus élevée de

caractéristiques Ni-O.
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Figure 7. (a) XANES et FT-EXAFS pour cinqg échantillons mesurés a température ambiante ;
(b) XANES et FT-EXAFS pour les mémes cinq échantillons mesurés a 480 °C; (¢) Dépendance
de la température du LCF pour les cinq échantillons ; (d) Zoom sur la région a haute température

du graphique (c).
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L'ajustement par combinaison linéaire (LCF) de chaque échantillon en fonction de la
température révele que les électrodes Ni/YSZ imprégnées de CeO2, NiCe et CoCe sont plus
facilement réduites. En revanche, les nanoparticules VCe entravent clairement la réduction de
I'électrode, ce qui explique pourquoi l'imprégnation de nanoparticules VCe entraine des

résultats ¢lectrochimiques moins performants.

IV. Analyse de 1'évolution de la surface des électrodes Pr-GDC et LSCF aprés des tests

électrochimiques prolongés.

Un des facteurs critiques limitant le développement des cathodes LSCF est la dégradation des
performances causée par la ségrégation de Sr, induite par des facteurs thermiques et
¢électroniques [10,11]. Il est bien connu que la polarisation électrochimique influence de
maniére significative la ségrégation de Sr a la surface des électrodes poreuses LSCF, le Sr
ségrégué ayant tendance a pénétrer a travers la couche de barriere de cérine pour réagir avec
'¢lectrolyte YSZ, formant une phase isolante SrZrOs [12]. Nous avons discuté des
caractéristiques intercalaires de deux électrodes a oxygeéne et comparé les changements
observés avant et aprés des expériences a long terme. Les électrodes étudiées comprennent
LaNio.sFe0.403 (LNF) / PrOx-Ceo0.9Gdo.102-5 (Pr-GDC) et Lao.6Sr0.4Coo.2Fe0.8035 (LSCF) /
Lao.6Sr0.4Co0.2Fe0803-5-Ce0.8Gdo202-5 (LSCF-GDC, 50:50 %) en tant qu'électrodes a oxygene
dans des cellules ¢électrolytiques de type pérovskite. Les cellules analysées ont été fabriquées et
ont subi des tests électrochimiques dans notre laboratoire collaboratif.
Nous mettrons l'accent sur les deux couches de I'électrode. Pour faciliter la présentation, nous
désignerons la couche supérieure de 1'électrode a oxygene architecturée en double couche
comme la couche collectrice de courant, abrégée en CCL. La couche située sous la CCL, plus
proche de 1'¢lectrolyte, a été optimisée pour l'activité €lectrocatalytique et est désignée comme
la couche fonctionnelle, abrégée en FL. Nous avons expos¢ une partie de la FL par grattage
mécanique afin de faciliter les études par photoémission.
Concernant les autres parties de la structure des cellules électrolytiques, a savoir la couche de
barriére poreuse GDC (BL) et la couche électrolytique Yo.16Zr0.8401.92 (8YSZ), ainsi que
I'électrode H2 poreuse Ni-YSZ, nous ne nous y attarderons pas ici. Les deux cellules
¢lectrolytiques ont subi des expériences d'électrolyse a long terme dans des conditions définies
dans le laboratoire collaboratif, accompagnées de leurs échantillons témoins respectifs. Quatre
échantillons ont ét¢ nommés pour faciliter les références ultérieures: Pr-GDCrer (échantillon
témoin) et Pr-GDCs.6k (échantillon ayant subi une électrolyse H2O+H2 pendant 3600 heures),
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ainsi que LSCFrer (échantillon témoin) et LSCFpry (échantillon ayant subi une électrolyse
H20+H:2 pendant 5000 heures).

Nous avons d'abord utilis¢ la technique NAP-XPS pour quantifier la composition de surface
des échantillons Pr-GDCrer et Pr-GDCs k. Les spectres de balayage caractéristiques enregistrés
avec une énergie de photon de 1300 eV ont confirmé la présence d'impuretés de silicium sur
ces deux échantillons. Par la suite, nous avons effectué une caractérisation par spectroscopie a
rayons X a dispersion d'énergie (EDS ou EDX). Les deux caractérisations ont été réalisées sur
les mémes échantillons et aux mémes emplacements. La quantification basée sur EDS fournit
la composition en vrac de I'échantillon, tandis que I'AP-XPS refléte la composition de surface.
Les concentrations atomiques (%) des électrodes Pr-GDCrer et Pr-GDCs.6x dans les régions
CCL et FL ont été calculées et sont résumées dans la Figure 8a. Les concentrations atomiques
calculées a partir des spectres EDS pour chaque échantillon dans les zones d'¢lectrode CCL et
FL sont présentées dans la Figure 8b.

L'observation la plus frappante est que les éléments LNF et Pr-GDC ne sont pas confinés dans
la zone attendue. Pour I'échantillon GDCREF, environ 40 % des éléments détectés
correspondent a LNF, une proportion qui augmente a 58 % apres les tests d'électrolyse. De plus,
la CCL contient des quantités significatives de praséodyme (Pr), atteignant jusqu'a 45 %, alors
qu'on s'attendait a ce que le Pr soit limité dans la FL. La concentration de surface de Ce
augmente légerement apres 1'électrolyse, suggérant une possible reconstruction entrainant une
plus grande exposition de GDC a la surface de 1'électrode. En comparant la composition de
surface des échantillons Pr-GDCrer et Pr-GDC3 6k, 1'¢lectrode O2 avant et apres I'électrolyse, la
composition de la CCL reste pratiquement inchangée. Cependant, dans la FL, la concentration
des ¢éléments associés a LNF augmente au détriment de Pr. Les profils de concentration
dépendants de la profondeur révelent que Pr est plus concentré a la surface, tandis que La
(représentant les particules LNF) est plus présent a des profondeurs plus importantes. Pendant
ce temps, Ce maintient une concentration relativement constante a travers la profondeur

analysée.
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Figure 8. Des graphiques en colonnes empilées illustrant les concentrations atomiques des
¢léments de surface (en at. %) dans la FL et la CCL des ¢électrodes Pr-GDCrer et Pr-GDCs3 ek,
basés sur (a) les spectres NAP-XPS et (b) les spectres EDS. Il convient de noter que les
profondeurs d'analyse des deux méthodes différent considérablement, I'AP-XPS sondant
environ 2 nm (composition de surface) et I'EDS sondant environ 2 um (composition en vrac),

permettant ainsi une corrélation entre les mesures de surface et en vrac des électrodes.

Les résultats de quantification des données EDS montrent a la fois des similarités et des
différences par rapport a ceux fournis par les mesures NAP-XPS. Ces résultats confirment la
présence de LNF dans la région FL et indiquent une augmentation significative de la
concentration de LNF apres électrolyse. Cela suggere également que le LNF forme
probablement des agrégats distincts au contact du Pr-GDC, plutdt que de se répandre
uniformément sur sa surface. En revanche, la quantité relative de Pr est significativement plus
¢levée dans les mesures NAP-XPS par rapport a I'EDS. Cela peut s'expliquer par la tendance
du Pr a4 migrer vers la surface des particules de GDC et de LNF.
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L'analyse de 1'état chimique de surface révele l'absence du satellite a 945,6 eV, et le rapport
relativement faible entre la zone des pics principaux et celle des satellites dans I'échantillon Pr-
GDCsek suggére que presque tout le Pr est sous forme de Pr’" dans cet échantillon,
probablement en tant que Pr2Os. En revanche, la présence de la caractéristique 4f' dans Pr-

GDCREF indique la présence de Pr*".
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Figure 9. Les graphiques en colonnes empilées des concentrations atomiques dans les zones
FL et CCL des ¢€lectrodes LSCFrer et LSCFpry, dérivés des spectres (a) NAP-XPS et (b) EDS.
Les graphiques a gauche montrent la composition de LSCF, tandis que ceux a droite présentent
la distribution entre LSCF et GDC. Il est a noter que les profondeurs d'analyse des deux
méthodes différent considérablement, I' AP-XPS sondant environ 2 nm (composition de surface)
et I'EDS environ 2 um (composition en vrac), permettant ainsi d'établir une corrélation entre

les mesures de surface et de volume des électrodes.

Un deuxiéme ensemble d'électrodes (LSCF) a été analysé en utilisant la méme approche.
Aucune impureté de surface commune, telle que le silicium, n'a été détectée non plus. Plusieurs
observations intéressantes peuvent étre tirées des concentrations atomiques (Figure 9a a

gauche). Premic¢rement, le Sr est détecté a des concentrations significativement plus élevées,
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variant de 45 % a 59 %, par rapport a la composition en vrac attendue du pérovskite, qui est
d'environ 20 %. Cela indique une ségrégation de surface substantielle du Sr, déja survenant
avant l'opération électrochimique lors du prétraitement de réduction de I'électrode H». La Figure
9a a droite révele une concentration de Sr significativement plus ¢élevée dans la zone FL, au
détriment du Fe, que I'électrode soit soumise a 1'électrolyse ou simplement a une cellule de
référence de réduction. Fait intéressant, aprés 5000 heures d'électrolyse (LSCFpry), il y a une
diminution relative de la concentration de Sr dans les zones FL et CCL de I'¢lectrode. Ces
résultats suggerent qu'une réorganisation significative de la surface ne se produit pas pendant
I'¢lectrolyse, mais est largement achevée pendant la phase de prétraitement. Un autre résultat
intéressant est qu'apres l'opération d'électrolyse (c'est-a-dire, LSCFpry), la concentration de
GDC diminue dans la FL.

La quantification EDS de la composition en vrac présentée dans la Figure 9b révele que
I'augmentation du signal de Sr observée dans les mesures NAP-XPS n'est pas détectée dans
l'analyse EDS, ce qui confirme que la ségrégation de Sr est localisée dans la couche de surface
la plus externe. Enfin, l'analyse de la distribution de surface indique que le pourcentage de Sr
plus élevé et de La plus faible pourrait résulter de la substitution partielle de La par des cations

Sr aux sites A du réseau pérovskite.

¢) Conclusion générale

Cette theése examine les performances électrochimiques ainsi que la chimie de surface des
cellules d'¢lectrolyse a oxyde solide avancées (SOEC), en mettant un accent particulier sur le
comportement des électrodes Ni/YSZ durant 1'électrolyse de I'eau. Les SOEC présentent un
potentiel considérable pour produire de I'hydrogéne via 1'électrolyse de 1'eau et pour le stockage
d'énergie, tandis que les piles a combustible a oxyde solide (SOFC) utilisent I'hydrogéne pour
générer de 1'électricité. Ftant donné la rentabilité, la compatibilité thermique et la haute
conductivité des composites a base de nickel, qui sont largement employés dans les applications
industrielles, cette recherche se concentre sur I'amélioration de ces matériaux par le biais de
modifications de surface.

L'interaction entre les électrodes Ni/YSZ et la vapeur d'eau a été analysée a l'aide de la
spectroscopie de photoélectrons par rayons X a pression quasi ambiante (NAP-XPS), dans des
conditions de circuit ouvert et de polarisation. Des adaptations ont été effectuées sur les
cathodes poreuses traditionnelles en Ni/YSZ pour permettre 1'observation directe des zones
fonctionnelles situées a proximité de I'¢lectrolyte YSZ. Les résultats ont mis en évidence des

30
J. Zhang, PhD thesis



Résumé

variations dynamiques des états d'oxydation et de la composition de Ni/YSZ dans des
atmospheres de Hz et de H20. De plus, cette étude met en avant 'effet de 1'oxydation des
¢électrodes sur la dégradation au cours de l'électrolyse, tout en soulignant le lien entre l'état
d'oxydation de la surface du nickel et les performances électrochimiques de la cellule.

Des nanoparticules de cérium (NP) ont été intégrées pour modifier la surface des électrodes
Ni/YSZ. Deux types de nanoparticules — cérium dopé au nickel (NiCeOx) et cérium non dopé
(CeOy) — ont été synthétisés et utilisés pour imprégner des électrodes métalliques Ni/YSZ
préfabriquées. L'analyse comparative a révélé que NiCeOx offrait de meilleures performances
en raison d'une dispersion accrue et d'une taille de particules réduite. Les résultats obtenus par
synchrotron ont aussi montré que le dopage au nickel modifiait les propriétés rédox du cérium,
entrainant une réduction plus marquée de Ni/YSZ par rapport a CeOy, ce qui augmentait le
nombre de sites actifs et améliorait l'efficacité de 1'électrolyse.

En outre, des essais expérimentaux ont impliqué des nanoparticules de cérium dopées au
vanadium et au cobalt, bien que les améliorations de performances aient ¢été limitées. En
conclusion, cette recherche souligne I'influence significative des modifications de surface des
nanoparticules sur les performances électrochimiques des électrodes Ni/YSZ dans I'¢lectrolyse
de l'eau, mettant en évidence des avancées notables en termes d'efficacité et de stabilité. La
combinaison d'une conception novatrice des matériaux avec des techniques de caractérisation
avancées offre des perspectives précieuses pour le développement de solutions énergétiques
durables.

Enfin, les mécanismes de dégradation des électrodes Lao.sSro4Coo2Fe0.s03-5 (LSCF) ont été
¢tudiés, en se concentrant sur la ségrégation du Sr, qui provoque la formation de phases
isolantes telles que le SrZrOs3, entravant les réactions de réduction de I'oxygene (ORR). L'étude
a également exploré l'utilisation du PrsO11 comme catalyseur électrochimique alternatif pour

les applications RSOC, montrant son potentiel a réduire la dégradation associée au Sr.
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Chapter 1. Literature Review

1.1 Background

In the face of the world’s rapidly growing population and economy, the challenges of energy
scarcity and environmental pollution have become critical issues that threaten the sustainable
development of human society. Problems related to greenhouse gas emissions, energy supplies
and their costs, health issues and climate change are strong motives to shift towards
environmentally friendly and sustainable energy resources. The current major energy suppliers
are based mainly on non-renewable fuel sources like coal, petrol and natural gas. The expected
time horizon of fossil fuels usage, expressed as the ratio of resources to production (R/P), is
currently estimated to be about 50 years for natural gas and crude oil, and about 139 years for
coal [13]. A progressive increase is observed in the demand for primary and final energy, e.g.
electricity consumption in 1985 - 2023 increased 3 times from the level of 9879.2 TWh to
29924.8 TWh [14]. International Energy Agency (IEA) [15] predicts that the global energy
demand will increase by about 50% until 2030.

Unfortunately, consumption of energy is directly related to the depletion of non-renewable
resources (NRR) and rejection of harmful substances and greenhouse gases (GHG) into the
environment. The high consumption rate threatens the availability of NRR for future
generations as mentioned on the 2023 BP Energy Outlook [16] shown in Figure. 1.1a.
Nevertheless, in an optimistic scenario it is predicted that in the coming 25 years the
consumption of renewable energy sources will reach about 30% of the global energy

consumption as shown in Figure. 1.1b.

Total final consumption .
q Mo al.eo puo b) Fossil fuels

2000 2010 2020 2030 2040 2080

Figure 1.1 a) Primary energy consumption by end use sector expected scenario, b) The
global energy consumption prediction from 2023 BP Energy Outlook. Reproduced with
permission of Ref. [16], Copyright of ©2024 BP p.l.c.
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A deep energy transformation is required to slow down the climate change and degradation of
the natural environment. One of the ways to reduce these negative effects is increasing the share
of renewable energy sources (RES) in the global energy balance, Figure 1.2 presents the
projected future energy demand structure as forecasted by the BP Energy Outlook. However,
RES, such as wind and solar, are usually intermittent in the sense that they are not continuously
available. This fact points to the necessity of efficient technologies to store energy during power
peak loads by converting it into another energy form easy to store and transfer [17]. IEA predicts
that grid-scale battery storage in particular needs to grow significantly. In the Net Zero
Scenario, installed grid-scale battery storage capacity expands 35-fold between 2022 and 2030
to nearly 970 GW [18].
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Figure 1.2. Final energy demand by sector and fuel in Accelerated. Energy gradually electrifies,
together with an increasing role for hydrogen and bioenergy in hard-to-abate sectors.

Reproduced with permission of Ref. [16], Copyright of ©2024 BP p.l.c.

Hydrogen is considered as an attractive energy carrier and storage medium for intermitted
energy sources. Additionally, as compared to other fuels, hydrogen has the highest calorific
value, which is the amount of heat released during the combustion of a specified amount of it
[1,2,19]. Hydrogen is barely found as pure element in nature but it is a main component of
other compounds. The global production of hydrogen is mainly based on fossil fuels (i.e.
by using steam reforming and coal gasification processes). Synthesis gas (syngas, i.e. a
mixture primarily of CO and H;) is the result of steam reforming and coal gasification
reactions, which is usually followed by the water gas shift (WGS) reaction to produce more
hydrogen [8,9,20,21].
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Application and the increase of share of hydrogen is a key factor for future sustainable
development of global energy systems [22—28]. As shown in Figure 1.3, many countries have
announced low-emission hydrogen production projects. As a consequence of development of
RES, hydrogen will become more and more important as a component of energy storage

systems.

:l_.: = . . a_ﬁ. s
&y
1 . b | e
L @ .
] ':i:' < " &
a Jz] H
fom L )
;o o ey
T g 911' a
a
CCUS projects Electrolyser projects Capacity (kt H,/yr)
A Early stage & Early stage 5500
1
Feasibillity study Feasibillity study 250
FID/under construction FID/under construction 500
. ) 1000
Operational Operational 5000
15 000

Figure 1.3. Map of announced low-emission hydrogen production projects Reproduced with
permission of Ref. [15], Copyright of ©2023 IEA.

Note: CCUS = carbon capture, utilization and storage

1.2. Current Methods of Hydrogen Production

1.2.1 Non-catalytic processes

Biomass is considered as a renewable resource and can serve as a viable source for hydrogen
fuel production. A variety of biomass feedstocks, such as agricultural residues, animal waste,
and municipal solid waste, have been extensively studied in this context [29-40]. The primary
technologies employed for hydrogen production from biomass are categorized into gasification
and pyrolysis, which are typically followed by reforming processes [41]. The fundamental
reactions involved in the biomass gasification process are outlined in Table 1.1. The hydrogen

yield in these processes is significantly influenced by the intrinsic characteristics and
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composition of the biomass, which are further affected by various process parameters, including
temperature, heating rate, moisture content, particle size, and reactor configuration [42,43].

Table 1.1. Basic reactions biomass gasification processes [42] .

Reaction mode Reaction equation

CsH1005—5CO+5H,+C

Pyrolysis
CeH1005—5CO+3H,+CHy4

CsH1005+120,—6CO+5H,
Partial oxidation CcH1005+0,—5CO+5H,+CO;
CsH1005+20,—3CO+5H,+3CO»

CsH1005+H,0—6CO+6H,
Steam reforming CeH10051t3H2,0—4CO+2CO»+8H>
Ce¢H1005+7H,0—6CO,+12H,

1.2.1.1 Biomass Gasification Process

The gasification process, commonly applied to both biomass and coal, is extensively used for
commercial hydrogen production. This process is predicated on the partial oxidation of
feedstock materials, resulting in a mixture of gases, including hydrogen, carbon monoxide, and
methane. However, the gasification process is often characterized by low thermal efficiency
due to the substantial energy required for moisture vaporization within the biomass [44].
Numerous studies have investigated gasification processes, both with and without catalysts,
utilizing fixed-bed and fluidized-bed reactors [35,45—47]. Notably, fluidized-bed reactors have
demonstrated superior performance compared to fixed-bed systems. The efficiency of these
reactors, based on their lower heating values, ranges between 35% and 50% [48,49].

1.2.1.2 Biological Hydrogen Production Process

In recent years, there has been a marked increase in research on bio-hydrogen production,
driven by the growing emphasis on sustainable development and waste reduction [48,50,51].
This approach utilizes biological processes, involving either anaerobic bacteria in dark
fermentation bioreactors or algae in photo-fermentative processes [52]. The principal biological
methods include photolysis for hydrogen production from water using green algae, dark
fermentation via anaerobic digestion, two-stage dark/photo-fermentative processes, and the
water gas shift reaction (WGS) method [53-55]. Biological methods are particularly valued for

their low environmental impact [56]. In dark fermentation, anaerobic microorganisms
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metabolize carbohydrates, converting them into hydrogen and other byproducts [57]. The
chemical reaction for this process is represented as follows:

CeH,,0¢ + 2H,0 —» 2CH3COOH + 2C0, + 4H, (Eq.1)
Despite the promise of dark fermentation, one of its major challenges is the relatively low hydrogen
production yield compared to the capital investment required [58]. Consequently, extensive research

has focused on enhancing energy output by developing and optimizing new two-stage systems [59].
1.2.2 Heterogenous Catalytic methods

The main catalytic technologies currently used in the production of hydrogen include Steam
Methane Reforming (SMR), Partial Oxidation (POX) and Electrolysis. SMR and POX
processes utilize as feedstock fossil fuels such as natural gas, but it is also possible to use
biomass or biomass-derived fuels [60]. Other commercially available technologies for
producing hydrogen from natural gas are Autothermal Reforming (ATR) and Catalytic
Dehydrogenation. Alternatively, photocatalytic processes, plasma reforming, membrane
reactors, and biological processes can be used, though they are still in the development stage
[61-65]. Table 1.2 presents the ranges of energy efficiency of hydrogen production
technologies in terms of higher heating value (HHV).
Table 1.2. Range of energy efficiency and technological maturity of hydrogen production
technologies (based on [61-65]).

Technology Input Energy efficiency Technological maturity

Steam reforming Hydrocarbons 70-85% Commercial

Partial oxidation Hydrocarbons 60-75% Commercial
Autothermal reforming Hydrocarbons 60-75% Near term
Plasma reforming Hydrocarbons 9-85% Long term

Biomass gasification Biomass 35-50% Commercial

Aqueous phase reforming Carbohydrates 35-55% Medium term

Electrolysis H,0 + electricity 50-90% Commercial
Photolysis H>O + sunlight 0.5% Long term
Thermochemical water splitting H>O + heat N/A Long term

In the following section, the most advanced technologies for hydrogen production from both
renewable and non-renewable sources will be presented. Each production technology will then be

evaluated based on its state of the art, commercial applicability, environmental impact, and energy

38
J. Zhang, PhD thesis



Chapter 1. Literature Review

efficiency.

1.2.2.1 Steam reforming
Steam reforming is an industrial process used to produce hydrogen, syngas (a mixture of
hydrogen and carbon monoxide), or other useful chemicals from hydrocarbons, typically
methane. Various types of steam reforming reactors have been applied in specific scenarios [66].
Methane Steam Reforming (SMR) is widely regarded as the preferred hydrogen production
technology due to its endothermic reaction nature, typically operating at lower temperatures than
the POX and ATR methods, while achieving a higher H2/CO ratio [28]-[32]. Equation 2, 3
outlines the reactions occurring during the steam reforming process.

CHs + H20 & CO + 3H: AH®2gc = +206 kJ - mol™1 (Eq.2)

CO + H20 & CO: + H; AH®gc = —41kJ -mol™t (Eq.3)

Studies indicate that temperatures exceeding 180°C are required during fuel processing [28]-
[35]. To enhance the kinetics of steam reforming in microchannel reactors, research has been
conducted on the limitations of mass and heat transfer [70,75—77]. These systems have explored
alternatives to Group VIII noble metal catalysts, such as Rh and Co-based catalysts [78—80].
Compared to nickel catalysts, these alternatives generate less coke and exhibit higher catalytic
activity [77,81-83]. The use of the SMR process to produce hydrogen from methane is
considered a common industrial method, with thermal efficiency reaching up to 85% based on
higher heating values[84]. However, the storage and transportation of hydrogen present
challenges, leading to intensive research in the field [46]-[52].
1.2.2.2 Partial oxidation
Hydrogen production from natural gas and heavier hydrocarbons is achieved by partial
oxidation (POX) represented in Equation 4. In the POX process, the hydrogen produced is sent
to a water-gas shift (WGS) reactor and subsequently treated using appropriate purification
techniques. Compared to the steam reforming process, studies have shown that the efficiency
of the POX process is lower. Moreover, the requirement for a substantial amount of pure oxygen
leads to higher operational costs [92]. Table 1.3 lists the reaction enthalpies of methane and

isooctane as examples of POX reactions.

Call + 505 = nCO + 2. H, (Eq.4)
Example of the (POX) reaction:
CH;0H + %02 - CO0, + 2H, AH = —193.2[k] - mol™1] (Eq.4a)
39

J. Zhang, PhD thesis



Chapter 1. Literature Review

Table 1.3 Standard enthalpies at (298 K, 1 atm), AH in [kJ/mol] [93].

Methane Isooctane
Partial oxidation —-36.1 —675.8
Steam reforming 205.7 1258.8
Dry CO;reforming 246.9 1596.3

The POX has been applied in commercial uses and automotive fuel cells [93—97]. Research has
also explored the effect of adding ruthenium to molybdenum catalysts in the partial oxidation
of methane to produce syngas [98].

Alternatively, the catalytic partial oxidation (CPO) reaction illustrated in Figure 1.4. can be
performed under various conditions of space velocity (low or medium) and residence time (1s
or more) [99-104]. Another aspect of the CPO process involves investigating the importance
of operational and design parameters to prevent explosion risks [105]. Temperature control
proves to be challenging due to the formation of hotspots since the reaction is inherently
exothermic [94-97]. The efficiency of POX reactors is typically between 60% and 75% based
on the higher heating value of methane fuel [84].

Hydrocarbon

Oxidant j l—— Feed
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Radiation
shield
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CO, H,, CO,, CH,, H,0

Figure 1.4. Catalytic partial oxidation principle. Reproduced with permission of Ref. [77].
Copyright © 2011 Elsevier B.V.
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1.2.3 Electrochemical methods

Water electrolysis plays a vital role in generating hydrogen from renewable electricity. In a

simple definition, water electrolysis is a process that uses electrical energy to split water into

hydrogen and oxygen gases. There are three main types of electrolysis commonly used:

o Alkaline Electrolysis (AEL): Uses an alkaline electrolyte, typically potassium hydroxide
(KOH) or sodium hydroxide (NaOH), and operates at low temperature.

e Proton Exchange Membrane Electrolysis (PEM): Utilizes a solid polymer electrolyte (a
proton exchange membrane) that conducts protons, and it operates at low temperature.

e Solid Oxide Electrolysis (SOE): Operates at very high temperatures and uses a solid oxide
(ceramic) electrolyte.

Each type has distinct characteristics and is suited for different applications [106]. Among the

different water electrolysis methods, the AEL is the most common, primarily due to its lower

capital costs (Figure 1.5). However, it also has the lowest efficiency, leading to higher

electricity costs. In contrast, PEM (Figure 1.5) exhibits higher efficiency than AEL, typically

ranges between 60% to 80%, depending on the specific system and operational conditions

[106]. The main drawback of PEM technology lies in its high cost, attributed to the use of rare

and expensive materials as electrocatalysts (e.g., Pt and IrO2). Additionally, other challenges

are associated with the corrosive acidic environment created by the proton exchange

membranes, necessitating the use of costly materials.

Alkaline Electrolysis PEM Electrolysis

OH o
L
o
Anode Ni, Co, Fe) ‘ Cathode (Ni/C) Anode (Ir) Cathode (Pt}
Diaphragm Polymeric membrane

Anode

[SYUPE N 4H,0 + 4e- — AOH-+ 2H, AH* + e~ — 2H,

Figure 1.5. Schematic of the operating principle of the low temperature electrolysis technology
(alkaline and PEM water electrolysis cell), Reproduced with permission of Ref. [107].
Copyright of ©2017 Elsevier Ltd.
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Though still a relatively new technology, SOE offers substantially higher electrical efficiency
than other electrolysis methods, positioning it as a promising option for large-scale hydrogen
production from renewable energy sources. Table 1.4 provides an overview of the typical
specifications of the above water electrolysis technologies.

Table 1.4. The typical specifications of alkaline, PEM and SOE [108].

Specification AEL PEM SOE
Technology maturity State of the art Demonstration R&D
Cell temperature, °C 60 - 80 50 - 80 900 - 1000

Cell pressure, bar <30 <30 <30
Current density, A/cm? 02-04 06-2.0 03-1.0
Cell voltage, V 1.8-2.4 1.8-2.2 0.95-1.3
Power density, W/cm? Upto 1.0 Up to 4.4 -
Voltage efficiency, % 62 - 82 67 - 82 81 - 86
Specific systelr(n\;;/zi}:zconsumption, 4570 4575 535
Partial load range,% 20-40 0-10 -
Cell area, m? <4 <300 -
Hydrogen production, Nm?/hr <760 <30 -
Stack lifetime, hr <90,000 <20,000 <40,000
System lifetime, yr 20-30 10 - 20 -
Hydrogen purity, % >99.8 99.999 -
Cold start-up time, min 15 <15 >60

A more detailed description of the electrolysis technologies is provided below, with a special
focus on Solid Oxide Electrolysis (SOE), which is the central topic of this thesis.

1.2.3.1 Alkaline Electrolysis

Alkaline electrolyzers are commonly employed in large-scale electrolysis applications. AEL
systems use alkali solutions, which are divided into two main electrolyte types. The first type
involves potassium hydroxide (KOH) with a concentration ranging from 20% to 40% by weight
[109]. In the second type, sodium hydroxide (NaOH) and sodium chloride (NaCl) are used as
alternative alkaline electrolytes [57]. The separator between the two electrodes is an asbestos

diaphragm with a typical thickness of 3 mm, which limits the operating temperature of the
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electrolyzer to 80 °C due to the inherent properties of asbestos [108]. In the electrolysis process,
hydrogen and hydroxide ions are generated at the cathode, and the hydroxide ions then migrate
to the anode where oxygen is produced. The reactions at the anode and cathode are as follows:
Anode reaction:

40H — O2+4¢ +2H20
Cathode reaction:

4H20 +4e¢ — 2H2 + 40H
Overall reaction:

H:0 = H2+20:  AH=-288 [kJ-mol ']

A gas-liquid separation unit is used to extract the hydrogen gas generated in the electrolyzer
[109]. The efficiency of alkaline electrolyzers has been reported to range between 50% and
60% at current densities of 100 - 300 mA-cm™, based on the lower heating value of hydrogen
gas [57]. The primary challenge with this method is corrosion due to the use of alkali solutions.
Therefore, new materials are being developed as alternatives for the diaphragm.
1.2.3.2 Proton Exchange Membrane Electrolysis
To address the corrosion issues associated with alkaline electrolyzers, solid polymer
membranes have been explored for use in Proton Exchange Membrane (PEM) technology
[110]. In the PEM electrolyzer, high-purity deionized water [109] undergoes oxidation at the
anode, producing oxygen, electrons, and protons. Protons then move to the cathode side through
the proton conducting membrane, where are reduced to generate hydrogen gas. The reactions
in the PEM electrolyzer are as follows:
Anode reaction:

2H20 — O2 +4H" + 4e”
Cathode reaction:

4H" +4e” — 2Ha

The overall reaction is identical to that of the alkaline electrolyzer. PEM electrolyzers have
been shown to function effectively with fluctuating power supply sources, due to the rapid
proton transport through the PEM membrane [108]. However, the high manufacturing cost

remains a significant challenge for PEM systems.
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1.3. Solid Oxide Electrolysis

1.3.1. Introduction to Solid Oxide Cells

Solid Oxide Cells (SOCs) consist of an oxygen-ion conducting electrolyte positioned between
two electrodes (cathode and anode), operating at high temperatures (750—1000 °C) to facilitate
the effective transport of oxygen ions, as schematically shown in Figure 1.6. SOECs are
electrochemical devices that convert electrical and thermal energy into chemical energy stored
in a fuel. The operational principle of SOECs is the reverse of that of Solid Oxide Fuel Cells
(SOFCs). So SOC can work in reversible (dual) mode, both as fuel cells and electrolysers,
fulfilling both requirements in a single device [111]. High-temperature SOECs are considered
an efficient method for water electrolysis due to favorable kinetics and thermodynamics at
elevated temperatures [3,4,112—-114]. Besides their high efficiency, SOECs also produce pure
oxygen, significantly improving the economic viability of the process [115]. This technology
not only boasts the highest Faraday efficiency among electrolysis methods, but has a high fuel
flexibility. For example, it enables the direct electrolysis of CO2, as well as the co-electrolysis
of H20 and CO2, generating syngas that can be further refined into synthetic fuels [116,117].
Consequently, SOECs provide a means of chemical energy storage or as a carrier by converting
renewable energy, or excess energy from fossil power plants, into hydrogen or syngas. Despite
few large installations, SOECs are not yet commercially viable, primarily due to challenges in
developing materials that can meet the performance and durability demands at high operating
temperatures. The elevated temperatures required for the process necessitate the use of

specialized materials capable of withstanding these extreme conditions.

Electrolyte
Cathode l Anode

'S

CO0rH.0 I Cathode: CO,(g)+2e” — CO(g) +0™

H,0(g) +2¢” - H,(g) + 0™

Anode: 20" —0,(g)+4e”

Figure 1.6. Schematic of the operating principle of the high temperature electrolysis

technology (SOECs), Reproduced with permission of Ref. [118]. Copyright of ©2020 Elsevier
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The development of SOCs began in the early 1900s when Walther Nernst, a German physical
chemist, created a high-temperature electrolyte material, zirconium oxide (ZrO2) doped with
15% yttrium oxide (Y203), commonly known today as Yttria-Stabilized Zirconia or YSZ. YSZ
became the cornerstone of SOFC and later of SOEC technologies, and it remains the only
commercially utilized electrolyte to date. In the late 1960s, NASA first demonstrated the
electrolysis of H20, CO2, and H20/CO: mixtures in SOECs for oxygen production in
submarines and spacecraft [5,6,119]. Significant research attention emerged in the early 1980s,
with Donitz and Erdle (1985) reporting the first SOEC results under the HOT Elly project using
electrolyte-supported tubular SOECs, achieving 100% Faraday efficiency at 1.07 V with a
current density of -0.3 A/cm?.

Research on SOCs has predominantly focused on water electrolysis for hydrogen production,
with recent advancements demonstrating the effectiveness of SOECs in reducing
simultaneously CO2 and H20 [120-123] to produce syngas. The electrochemical reduction of
CO2 in SOECs has also been extensively studied [124—126].

1.3.2 Theoretical aspects

1.3.2.1 Thermodynamic Analysis
Thermodynamic analysis of the process entails applying the First and Second Laws of
Thermodynamics as outlined below: [127]:

The First Law is expressed as:

Qu - QL = AHg (Eq.5)
The Second Law is expressed as:
Qu Qo
ASp > —- — Eq.6
R= T, T, (Eq.6)

Here, AHr represents the enthalpy change during the electrolysis process, while ASr denotes
the entropy change. The overall thermal-hydrogen conversion efficiency of the process can be
defined as the ratio of the net increase in enthalpy from reactants to products to the high-

temperature heat supplied to the system. This efficiency is given by:

g =AM Qn=Qu Ty 48y = Ty 45,
o Qn Ty - Ay

For reversible reactions, applying both the First and Second Laws to calculate efficiency yields:

Qw Q. Qy Qu—A4Hg
A —<H_xL_ xH xXH 7R Eqg.
Sgr T, T, Ty T, (Eq.8)

(Eq.7)

This can be further expanded to:

45
J. Zhang, PhD thesis



Chapter 1. Literature Review

ASRTy - T, = QuT, — Qu - Ty + TydHg (Eq.9)
Thus, we have:

ASg(Ty - Ty) — TyAHp

T, — Ty = Qu (Eq.10)
The maximum efficiency can be expressed as:
nH = AHp
ASp(Ty - T) — TyAHg
T, — Ty
_ T, — Ty
S (Ty - T) = Hy
_ L
= Th = NHmax (Eq.11)
AHp

In the water electrolysis process, which is the reverse of hydrogen and oxygen combustion, the
enthalpy change AHRr is the negative of the combustion heat enthalpy, also defined as the higher
heating value (HHV) of hydrogen. Assuming the water entering the reaction unit is in liquid
form, we have:
AHp = HHV (Eq.12)

If further assuming standard state conditions for temperature (T) and pressure (P), and Tr=To,
then:

AHg — T, - ASp = —AGP 40 (Eq.13)
Thus, the maximum efficiency can be derived as:
HHV ( TL) 1

T T,) 083

T,
Nomax = (1 -=)" T,

T, m = (Eq.14)
Since the higher heating value of hydrogen and the standard Gibbs free energy are fixed, the
second term on the right side of the equation is a constant. From a thermodynamic perspective,
the energy required for water electrolysis decreases as temperature increases. The electrolysis

process is generally isothermal. According to the First Law of Thermodynamics:

Q-W = AHy (Eq.15)
For a reversible process:
Qr =T - ASy (Eq.16)
Wy = AHg - T - ASp, = AGy (Eq.17)
From the Nernst equation, we have:
V= % (Eq.18)
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Thermodynamic analysis shows that the Gibbs free energy change of the electrolysis reaction
decreases with increasing system temperature, lowering the theoretical decomposition voltage
of water and increasing the product of temperature and entropy change. Consequently, the
electrical work required in a reversible reaction decreases with rising temperature. As shown in
Figure 1.7, at 100 °C, AGr accounts for approximately 93% of the total energy AHr required,
which drops to around 72% at 1000 °C [128]. At high temperatures, a significant portion of the
enthalpy change during electrolysis is supplied as thermal energy, i.e., T-ASr. The total energy
requirement AHRr increases slightly with temperature, with its value being very close to the
higher heating value of hydrogen. Pressurizing the SOEC can also reduce its resistance, and
waste heat from nuclear power plants can be utilized to heat the inlet steam, achieving
pressurization. The CEA (French Alternative Energies and Atomic Energy Commission)
conducted pressurized operation tests to study the impact of pressure on energy consumption,
testing current-voltage curves at pressures ranging from 1 to 30 bar [129]. At pressures between
1 and 10 bar, the energy consumption only increases by a few percent at a current density of -1
A/ecm?, with no significant impact observed above 10 bar. However, pressurizing the
electrolysis system reduces the compression work required in subsequent steps, potentially

improving overall system efficiency.
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Figure 1.7. Thermodynamic analysis of H2O electrolysis and COz electrolysis. Reproduced
with permission of Ref. [128], Copyright of ©2015 THU.
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1.3.2.2 Kinetic Analysis

Computational fluid dynamics (CFD) analysis of H2 production using high-temperature solid
oxide electrolysis cells (SOECs) [130], revealed significant differences in gas flow distribution
between the cathode and anode. When the operating potential is below the thermal neutral
voltage (TNV), the SOEC temperature decreases along the main flow channel, whereas it
increases when the potential exceeds the TNV. The study also found that increasing the inlet
gas flow rate reduces the H2/H20 ratio downstream of the cathode, resulting in a lower Nernst
potential and higher local current density. However, the inlet gas flow rate has a minimal impact
on SOEC temperature, as the cooling effect of downstream gases through convective heat
transfer helps maintain system temperature stability. The porous structure of the electrodes also
influences cell performance, as gases can more easily diffuse in porous electrodes, reducing the
Nernst potential and increasing local current density. However, the increase in local current
density is limited by the higher mole fractions of H2 and H20, which restrict further increases
in current density. Consequently, the impact of electrode porosity on local current density is
relatively limited.

Ni et al. modeled high-temperature COz electrolysis, finding that ohmic overpotential loss is
the primary component of total overpotential loss, with activation polarization overpotential
also being significant due to the slow CO2 electrolysis rate [131]. In the cathode, the formation
of CO2 and CO mixture, with a less effective diffusion system, results in a larger concentration
overpotential compared to the anode. This can be mitigated by increasing the operating pressure
or electrode porosity. This study also showed that when the voltage is below the TNV, the
average electrolyte temperature initially decreases before increasing with further voltage
increases. When the operating voltage reaches the TNV, the average electrolyte temperature
aligns closely with the input gas temperature, with the heat required for CO2 electrolysis
balanced by ohmic heat. Increasing the operating voltage leads to higher local current density,
resulting in a lower CO2 mole fraction and a higher Nernst potential.

Building on previous research, further studies have analyzed the mass and heat transfer and
electrochemical reactions during the co-electrolysis of H2O and CO: mixtures in reversible
electrolysis cells using a 2D model [132]. This model integrates CFD, electrochemical, and
chemical reaction models. The study demonstrated the significant impact of different operating
conditions on the reversible water-gas shift reaction, WGSR. With a cathode gas molar
composition of 50% H20 and 50% CO2, the WGSR reaction rate increases with rising

temperature, with the reverse WGSR reaction being more likely at high temperatures. When
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the inlet temperature reaches 1073 K, the CO2 mole fraction decreases while the H2O mole

fraction increases at the inlet, leading to an increase in co-electrolysis current density.

1.3.3 State of the art SOECs materials for H2O electrolysis

1.3.3.1 Requirements of Electrode Materials
As mentioned above a SOEC device consists of a ceramic electrolyte sandwiched between two
porous electrodes. These components enable ion conduction and the electrochemical reactions
needed for energy conversion. The device also includes interconnects for electrical conduction
between cells, seals to prevent gas leakage, and current collectors to manage power flow. The
SOC can be configured as a single cell or a stack, housed in a structure that handles fuel, air
flow, and thermal management. The efficiency of SOECs largely depends on the
electrochemical reaction rates at the cathode and anode, as well as the oxygen transport rate
within the electrolyte. Although some research seeks to reduce operating temperatures to
medium or low levels to lower costs and enhance durability [133], optimal conductivity and
reaction efficiency are achieved at higher temperatures. Consequently, the development of
SOECs will likely remain focused on medium to high-temperature operation for the foreseeable
future. While research into key materials and system design for SOECs is still in its early stages,
the materials used in SOFCs are relatively well-developed and can provide valuable insights
for advancing SOEC applications.
The key requirements of the electrode materials and their effect on SOC operation are:

e Sufficient porosity to facilitate the inlet and outward flows of gasses,

e Good chemical stability and thermal compatibility with the other materials in contact

(electrolyte and interconnect),

o Inert to the reacting gas species,

e Matching thermal expansion coefficient to other contacting materials,

o Chemical stability of fuel and oxygen side electrodes in reducing and oxidizing

atmospheres respectively,

e Long lifespan, ease of processing and low cost.

1.3.3.2 Materials for the SOEC Cathode (Fuel or Hydrogen Electrode)
In SOECs the cathode, also referred as the fuel or hydrogen electrode, facilitates the reduction
of water vapor molecules, resulting in the production of H2 and O*. The Hz is released from the

hydrogen electrode, while the O* ions, driven by the applied potential, migrate into the
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electrolyte. The materials used for the hydrogen electrode must exhibit excellent ionic and
electronic conductivity, high stability at elevated temperatures, good catalytic activity for the
dedicated reactions, appropriate porosity, and compatibility with the electrolyte and other stack
components. Unlike SOFCs, SOECs operate in high humidity conditions, which accelerates
degradation processes.

The most widely used material for the cathode electrode is currently Ni-YSZ cermets. Ni is
considered a superior electrode material even compared to Pt, as Pt exhibits a lower exchange
current density in H2/H20 mixtures [134]. However, due to nickel's susceptibility to oxidation,
alternative cathode materials have been developed. These include Ni nanoparticle-dispersed
Sm-doped ceria (SDC) [135], and titanate/CeO2 composites [136], which have emerged as
promising new hydrogen electrode materials.

The electrochemical charge transfer reaction occurs near the active three-phase boundary
(TPB). For Ni/YSZ electrodes, the TPB is defined as the interface where the Ni network, YSZ
network, and open porosity intersect, forming permeation paths for electrons, ions, and gases
[137]. In order to increase the reactive area of the fuel electrode, a common method is to mix
nickel particles with ion-conductive particles of solid electrolyte material, forming a ceramic
and metal composite, known as cermet electrode. At 950 °C, when electrolyzing a 50% H20-
50% H:z gas mixture, the area-specific resistance (ASR) of a Ni-YSZ-based cell (Ni-YSZ | YSZ
| LSM-YSZ) is as low as 0.15 Q-cm™ [138]. When the operating temperature decreases to 850 °C
and 750 °C, the ASR increases to 0.27 Q-cm? and 0.60 Q-cm, respectively. Besides
temperature, the cell structure also significantly influences the ASR.

Oxide electrodes. Several types of oxides have been applied as cathode materials for H2O and
COgz electrolysis under appropriate reaction conditions, including samarium-doped ceria (SDC),
strontium ferrite manganite (SFM), lanthanum-doped strontium vanadate (LSV), and partially
Cr-substituted strontium-doped lanthanum manganite (LSCM). Certain materials, such as Nb-
doped strontium titanate (STN) [139], lanthanum-doped strontium titanate mixed with cerium
oxide (LST-CeOz) [140], and various molybdate-based cells, have shown better performance
in electrolysis mode compared to fuel cell mode. The LST-CeO: electrode performs better in
electrolysis mode than the Ni-YSZ electrode. This material reportedly exhibits electronic
conductivity in a reducing atmosphere that surpasses that of traditional ceramic materials, and
the electrolysis process does not require the addition of Hz in the feed gas to maintain the
reduced state of Lao2SrosTiOs+s, allowing for the direct electrolysis of steam to produce

hydrogen [140].
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Several studies suggest that LSCM (Lao.75S10.25)1-xCro.sMno.s03-5 (0=x<:0.1) holds significant
promise as an alternative to cermet electrodes for both H2O and CO: electrolysis [142,143].
LSCM’s advantages include remarkable stability in both oxidizing and reducing atmospheres,
with a volume change of only 1% when transitioning from an oxidizing to a reducing
atmosphere. Research indicates that SOECs with LSCM, LSCM/YSZ, and LSCM/SDC
electrodes can be used for direct COz electrolysis, with the LSCM/SDC electrode demonstrating
the best electrolysis performance, followed by LSCM/YSZ. Under the same conditions, SOECs
with LSCM/SDC composite electrode performs 5 to 10 times better than those with LSCM

electrode.

LSCM electrodes has been directly used for steam electrolysis, but the low electrocatalytic
efficiency limits the electrode’s performance and Faraday efficiency. It is possible though to
enhance LSCM electrode’s performance and Faraday efficiency by loading Fe catalysts [143].
At 800 °C, in a working gas mixture of 3% H20/5% Hz/Ar and 3% H20/Ar, the current
efficiency of the Fe-loaded LSCM cathode increased by 30% and 40%, respectively, compared
to the pure LSCM cathode. Lao.7Sr0.3VO3 (LSV) has shown good performance and potential as
cathode electrode for steam electrolysis [144]. However, a key drawback of this material is its
low electrocatalytic activity. To address this, catalytic metal nanoparticles, such as Ni or Fe
were introduced using infiltration techniques to enhance the performance of LSV composites.

Compared to Ni/YSZ cermet composites, single-phase oxide ceramics usually maintain stable
properties during redox cycling, allowing the cathode to operate without hydrogen gas in the
inlet. Irvine et al. reported that high-stoichiometry oxides like Lao.3Sro.7TiO3+a and site-deficient
compounds like Lao2Sro.7TiO3 perovskite are highly reactive and stable hydrogen electrodes for
SOEC systems, exhibiting superior chemical, mechanical, thermal, and redox stability [145].
These materials perform well in electrolysis systems, regardless of whether Hz is present in the
cathode feed gas, while also exhibits excellent conductivity due to the presence of Ti*"/Ti*" ion
pairs within the cathode, contributing to high ion mobility. Doping the B site of A-site-deficient
LST materials with Ni and Ru, in particular, results in even higher conductivity. LST materials
also show much higher stability than Ni/YSZ during redox cycling, avoiding the formation of
NiO due to oxidation. Consequently, LST cathodes, with their high stability and efficient

conductivity, have become a key research area.
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1.3.3.3 Materials for the SOEC Anode (Oxygen Electrode)

The anode (or oxygen electrode), where Oz is generated, can be made of electronic conductors,
ion-electronic conductors, or mixed ionic-electronic conductors (MIEC). For electronic
conductors, oxygen release is restricted to the active TPB with the electrolyte, similar to Ni-
YSZ fuel electrodes (Figure 1.8a). For MIEC oxygen electrodes, oxygen release extends across
the electrochemically active area in contact with gas phase, as illustrated in Figure 1.8b
[146,147]. Current applications focus predominantly on MIEC anode materials [148], that can
be broadly categorized into three types based on their crystal structures: perovskite-type oxides,

double perovskite-type oxides, and Ruddlesden-Popper (RP) type oxides.

(a) Single-phase electronic conductor (b) Single-phase
mixed conductor

air

electrolyte 0z
Figure. 1.8. a) Porous single phase electronically conductive oxygen; b) porous single-phase

mixed conductor. Reproduced with permission of Ref. [147] Copyright of ©2004 ACS

Typically, anode materials are mixed oxides with a perovskite structure, such as LSM. LSM
was widely used as an oxygen electrode material early on, demonstrating good performance.
The conduction mechanism of LSM is vacancy-driven, where the substitution of lower-valence
B-site cations creates oxygen vacancies in the perovskite crystal, facilitating oxygen ion
migration [149]. As an ion-electron mixed conductor, LSM (formed by doping Sr** into
LaMnOs3) exhibits relatively low ionic conductivity, in the order of 107 S-cm™ in the
temperature range of 800—1000 °C. To enhance ionic conductivity, yttria-stabilized zirconia
(YSZ) can be added, forming a composite anode that effectively improved performance. LSM
shows good chemical compatibility and thermodynamic matching with YSZ with no significant
interface reactivity at high temperatures. However, in SOEC mode, LSM or LSM-YSZ

experiences noticeable polarization, leading to performance degradation. Additionally, LSM
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anodes tend to delaminate in SOEC mode, a phenomenon not observed in SOFC mode. To
address this, Li et al. loaded varying amounts of catalytically active Fe2O3 nanoparticles onto
LSM materials and tested the resulting electrodes [150]. They found that with a 4 wt% Fe2Os3
loading, the electrochemical performance was optimal, with current efficiency increasing by
15%, compared to unloaded LSM.

Several alternative materials have been explored to replace LSM, including lanthanum cobalt
oxide (LC) [151], strontium-doped lanthanum cobalt oxide (LSC), lanthanum ferrite (LSF),
strontium-doped and cobalt-substituted lanthanum ferrite (LSCF), strontium-doped and copper-
substituted lanthanum ferrite (LSCuF), and strontium-doped and cobalt-substituted barium
ferrite (BSCF) [152]. Other promising materials include neodymium nickelate (NNO) [153],
lanthanum nickelate (LNO) [154], praseodymium nickelate (PNO), and strontium-doped and
cobalt-substituted lanthanum nickelate (LSCN). Additionally, LSM-YSZ oxygen electrodes
have demonstrated better operational performance after infiltration with gadolinium-doped
ceria (CGO or GDC) [155]. However, high strontium content reduces chemical stability, and at
temperatures above 750°C, electrodes require a barrier layer (usually doped ceria) to prevent
the formation of insulating secondary phases at the electrode-electrolyte interface [156].

In recent years, a variety of anode materials based on the lanthanum-strontium-cobalt-iron
system, including LSC, LSF, and LSCF, have been developed. LSCF is particularly
advantageous because it can operate at relatively high current densities. Tietz et al. used LSCF
as an anode material, achieving stable SOEC operation at 780 °C for 9000 hours without
significant degradation [157]. However, other studies found that SrCrO4, CrO2.5, and Cr20s3 are
formed on LSCF electrodes surface during operation, leading to poisoning, a phenomenon
closely related to Sr segregation under polarized conditions. Sr segregation causes A-site
defects in the lattice, reducing the redox activity of the oxygen electrode [158]. Typically, a
barrier layer is needed on the surface to maintain long-term stability, with materials like
LDC/SDC/GDC being commonly used as barrier layers.

BaxSr1xCoo.sFe0.203.0 (BSCF) materials have garnered significant attention after Shao et al.
discovered that BSCF has high oxygen permeability, facilitating oxygen reduction reactions
and lowering the operating temperature of SOFC systems [159]. Compared to SCO and LSCF,
BSCF (Bao.sSro.5Coo.sFe0.203-5) demonstrates superior catalytic performance [160]. To enhance
its compatibility with YSZ electrolytes, an intermediate layer of Smo.sCeo201.9 (SDC) can be
added. Theoretical studies proposed that BSCF has an inherent catalytic activity for OER that

is an order of magnitude higher than iridium oxide materials [161]. Based on molecular orbital
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theory, a volcano-shaped distribution between the OER specific activity and the eg orbital filling

of B-site anions in perovskite oxides was proposed, as shown in Figure 1.9

1.4 —

@/ =50 pAcm?

|} & L - ! = ) -

LaNiO, i Ba, ;Sr, ;Co,4Fe,,0;;

LaCoO, La,,Ca,,Co0O,,

I LaMn,Ni, .0, 1
LaM"u.scuojoa l_a,xCaxFeOa

3 &

15

E(V vs.RHE)
®

—_
~J

18La. € 2 0 2 0 2 0 & & .+ 1 .
0.0 0.5 1.0 1.5 2.0 2.5

e, electron

Figure 1.9. Relationship between transition metal (B in ABO3) e-symmetric electron
occupancy and OER catalytic activity. Reproduced with permission of Ref. [161], Copyright
of ©2011 Science.

La2xSrxCo0.5Nio5s04:5 (LSCN), a novel layered perovskite structure with a K2NiOs- type
structure, is another promising candidate that performs well in both electrolysis and fuel cell
mode [162]. The material remains stable under both oxygen-rich (Ln2NiO4+5) and oxygen-
deficient (Ln2NiO4-5) conditions, thus enabling stable operation in both SOEC and SOFC
modes [163]. The interlayer gaps can accommodate excess stoichiometric oxygen, preventing
the electrode-electrolyte interface from fracturing. Theoretical and experimental studies on
(La,Sr)2Co04, highlighted an improve in the number of oxygen reaction sites and oxygen
diffusion pathways [164,165]. Unlike the oxygen vacancy transmission mechanism of LSM
and LSCF materials, LSCN transmit ions through an interstitial mechanism under oxygen-rich
conditions in electrolysis mode. As shown in Figure 1.10, cations can occupy A and B sites,
enhancing the oxygen surface exchange kinetics improving oxygen electrode performance and

reactivity.
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Figure 1.10. Atomic structure along the interstitial migration path in LA2C0oOu+s with KaNIF4
Ruddlesden-Popper structure. A: Migrating interstitial oxygen atoms; B: Oxygen atoms on the

LaO plane Reproduced with permission of Ref. [166], Copyright of ©2010 RSC.

The performance of oxygen electrodes can also be significantly enhanced by selecting
appropriate materials to create composites, providing new avenues for oxygen electrode
material research. Chen et al. prepared Nd2NiO4+s impregnated with scandia stabilized zirconia
(NNO-SSZ) composites using an infiltration method and tested their performance in
electrolysis mode [167]. In the Ni-YSZ/SSZ/NNO-SSZ solid oxide electrolysis cell, the NNO-
SSZ oxygen electrode exhibited high redox catalytic activity, achieving a hydrogen production
rate of 306.6 mL-cm™-h at 750 °C under 80% H20-20% Hz. No degradation was detected during
short-term operation. Li et al. investigated a new Sr2Fe1.5sM00.506-5-Z10.84Y 0.1602-5 (Y SZ-SFM)
composite oxygen electrode, prepared by impregnating SFM into the YSZ matrix [168]. At 750
°C and an electrolysis voltage of 1.2 V, the electrolysis current reach up to -327 mA-cm 2,
achieving a hydrogen production rate of 11.46 NL-h".

Yashiro et al. fabricated LSC composite electrodes using screen printing which showed reduced
electrode resistance, improved interfacial conductivity and good oxygen transfer rate [169].
Sase et al. used secondary ion mass spectrometry (SIMS) to study the Lao.¢Sr04CoOs3
/(Lao.sSt0.5)2C004 thin film composite material [170], while Jeong et al. performed simulation
calculations, revealing that in perovskite materials, oxygen conduction occurs only through a
vacancy mechanism [171].

Recently, PrCoOs3 has also attracted attention as an oxygen electrode material [172], but its

thermal expansion coefficient mismatch with YSZ electrolytes leads to degradation during
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thermal cycling. These oxygen electrode materials generally exhibit superior initial

performance compared to LSM electrodes.
1.3.4 SOE Electrolyte

The primary function of the electrolyte in a solid oxide electrolysis cell (SOEC) is to transport
oxygen ions between the cathode and anode, while also serving to separate the oxidative and
reductive gases at the two electrode sides. Therefore, in addition to high-temperature stability,
electrolyte materials are required to possess high ionic conductivity, sufficiently low electronic
conductivity, a dense structure, and good redox stability. The resistivity of the YSZ electrolyte,
considerably higher than that of the electrode materials, making the electrolyte the main source
of ohmic impedance in the electrolysis cell. To reduce these losses, it is necessary to develop
new materials or fabricate the electrolyte in thin-film form.

At high-temperature SOECs, 8 mol% Y20s-stabilized ZrO2 is commonly used as the electrolyte
due to its relatively high ionic conductivity and good mechanical stability. Using only 3 mol%
Y203 for stabilization can improve the brittleness of the electrolyte, but results in lower ionic
conductivity [173]. Certain electrolyte materials used in medium- to low-temperature SOFCs
can also be employed in SOECs, such as samarium-doped ceria (SDC) and strontium-doped
lanthanum gallate (SLG). When SDC replaces YSZ as the electrolyte, it positively impacts
electrode overpotential in electrolysis mode. However, due to the high electronic conductivity
of ceria under strongly reducing conditions, it is unsuitable as an SOEC electrolyte, as it may
cause internal short-circuiting of the cell [174]. Another electrolyte Sc-doped ZrO: (ScSZ)
exhibits higher oxygen ion conductivity compared to YSZ, and its mechanical properties at high
temperatures are comparable to those of YSZ, making it a promising electrolyte material.
Lower operating temperatures are advantageous for SOECs in the production of synthetic fuels,
such as methane synthesis, particularly when operating below 700 °C [175]. In such cases,
YSZ may not be the best electrolyte material, and doped lanthanum gallate (with strontium
doping and partial substitution by manganese: LSGM) could be used instead. However, this
necessitates improvements in the nickel-based fuel electrode to prevent the formation of
LaNiOs [176] and to avoid fractures caused by the mismatch in thermal expansion coefficients

between the electrolyte and the electrode.
1.3.5 Other Materials used in SOC

To increase hydrogen production, it is necessary to combine individual cells into a stack using

interconnect materials. These interconnect materials link adjacent cells and facilitate the
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transport of gases (anode and cathode) and electrons. The materials used for interconnects must
maintain good electrical and thermal conductivity, chemical stability, and have an appropriate
coefficient of thermal expansion at high temperatures that fits with the rest of the cell
components. Traditionally, LaCrOs; has been used as the interconnect material due to its
excellent electronic conductivity under operating conditions. However, it has drawbacks in
terms of mechanical processing strength, thermal conductivity, and high cost. To address the
issue of chromium volatilization from interconnect materials, conductive protective layers can
be prepared on the surface of metal interconnects. Current research on SOEC mode focuses on
coatings such as perovskite, spinel, and nitride coatings [177].

In SOEC stacks, sealing materials play a crucial role in isolating the air and fuel gas
compartments. Glass and glass-ceramic sealants are the most studied materials and are
considered rigid sealants. However, rigid sealants are prone to stress accumulation and cracking
when subjected to multiple thermodynamic cycles. Copper alloys can also serve as rigid
sealants, though they offer lower strength compared to ceramic materials and can undergo
plastic deformation. Compressible sealants deform under external pressure, allowing for better
conformity with other components, which gives them a broader coefficient of thermal
expansion (CTE) range. Metals, due to their ductility, can be used as metallic compressible
sealants. To maintain stability, metals that are resistant to oxidation, such as gold and silver,

should be selected.

1.4. Performance and Degradation of SOECs

1.4.1 Long and medium term performance

In the late 1960s, Spacil began researching the use of doped ZrO: as an electrolyte for hydrogen
production via water electrolysis [178]. Their preliminary studies investigated the
thermodynamics, kinetics, and material composition of SOECs. By the early 1980s, many
researchers had joined the field. For example, Donitz and colleagues developed a tubular SOEC
using Ni-YSZ | YSZ | LSM configuration, constructing a stack containing 1000 individual cells,
which achieved a hydrogen production rate of 0.6 Nm*/h [179]. Concurrently, Westinghouse
Electric Corporation reported a tubular electrolysis cell stack operating at 1000 °C with an area-
specific resistance (ASR) of 0.6 Q-cm, capable of producing hydrogen at a rate of 17.6 Nm*/h.
By the late 1990s, Japan’s Atomic Energy Research Institute had developed both tubular and
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planar solid oxide cells, with the planar cell achieving a maximum hydrogen production rate of
38 Nm?/-h at 850 °C.

In the 21st century, the development of second-generation SOECs began. In 2004, the Idaho
National Laboratory (INL) and Ceramatec reported preliminary results from single-cell [180]
with Ni-YSZ as the hydrogen electrode, ScSZ as the electrolyte, and LSM as the oxygen
electrode, with an efficiency of hydrogen production ranged from 45% to 52%. Subsequently,
INL developed a 25-cell stack operated for over 1000 hours, reaching a hydrogen production
rate of 0.16 Nm?/h. In 2009, INL completed a 15 kW high-temperature electrolysis experiment,
integrating three electrolysis modules comprising 720 electrolyte-supported cells, achieving a
peak hydrogen production rate of 5.7 Nm3/h [181].

In 2010, INL simulated the operation of a 600 MW high-temperature gas-cooled nuclear
reactor-driven syngas production plant [182], with a syngas generation rate of 10 kg/s and an
efficiency of 48.3%. They conducted various scale experiments, including an electrolysis
module consisting of two 60-cell stacks. As part of a demonstration project, the syngas
produced was used as feedstock for a Fischer-Tropsch reactor to produce liquid hydrocarbon
fuels. In 2012, a 1000-hour operational test on two 40-cell stacks [183] was reported. The
hydrogen electrode was supplied with a mixture of 10% Hz and 90% N2, while air was fed to
the oxygen electrode, with flow rates of 50 slpm and 100 slpm, respectively, at a current density
of 0.42 A/em?. The DC voltage scan showed that at the experimental flow rate of 71.7 slpm and
a maximum current of 60 A, the actual current was 50 A, with an average ASR of 0.74Q-cm?.
The voltage increased almost linearly with current density, reaching a maximum of 53.3 V at a
current density of 0.42 A/cm? (total current of 84 A) with an ASR of 1.04 Q-cm™, and a total
power of 4.52 kW. The long-term operation at 750 °C and 4 kW for 920 hours showed no
significant performance degradation. In 2012, Zhang et al. also conducted stable operation tests
on several hundred-watt SOEC stacks for up to 1000 hours, achieving a minimum performance
degradation rate of 3.2% per 1000 hours [184].

The same year (2012) the Jiilich Research Center achieved a 9000-hour long-term operation
test in SOEC mode [185], with the stack operating stably at 780 °C under a current density of -
1 A/cm?, showing an overall degradation rate of only 3.8% per 1000 hours. The same year,
researchers from the same institute conducted an 8100-hour long-term operation experiment on
a planar reversible stack [186], exploring fuel cell, steam electrolysis and co-electrolysis of
steam and CO2 modes. In SOEC mode, after 2000 hours of operation at 800 °C, -0.3 A/cm?,

and a fuel utilization rate (FU) of 15%, no voltage degradation was observed. Upon increasing
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the electrolysis current, the stack was operated at 800 °C, ] =-0.875 A/cm?, FU = 44% for 1000
hours, resulting in a voltage degradation rate of 15% per 1000 hours. In subsequent co-
electrolysis experiments, the voltage degradation was higher than in steam electrolysis mode,
with more CO produced by reverse reactions than by electrochemical conversion under low
fuel utilization and low current density.

Petipas et al. optimized parameters such as temperature and efficiency in high-temperature
electrolysis [187]. They used the Simlink grey-box model, coupling the electrolyzer and
balance-of-plant (BoP) models, and employed pinch analysis to calculate the
thermodynamically feasible minimum energy consumption method. The thermoneutral voltage
at -0.662 A/cm? was 1.287 V, slightly higher than the thermoneutral voltage calculated
theoretically from Gibbs free energy changes. As the electrolyzer load increased, the efficiency
of the electrolyzer unit gradually decreased. They also calculated the proportion of energy
consumption in the electrolyzer, finding that electrolysis power accounted for approximately
78% to 81% of the system power, BoP heating accounted for about 13% to 16%, and
compression power accounted for about 5%. The use of external heat sources can significantly
improve system efficiency.

Risg National Laboratory in Denmark conducted research on the co-electrolysis of H20/CO2
[121]. They proposed a process for coupling high-temperature co-electrolysis of H20/CO: for
CO2 recycling to produce clean synthetic hydrocarbon fuels, and found it economically feasible
through simulation. Initial performance analysis through polarization curves and
electrochemical impedance spectroscopy showed that the co-electrolysis performed well,
surpassing COz electrolysis and slightly below H2O electrolysis. They also discovered that
under low current density (-0.25 A-cm™), the performance degradation of co-electrolysis was
mainly due to the degradation of the Ni-YSZ electrode. At higher current densities (-0.5 and -1
A-cm™), performance degradation was primarily due to the ohmic resistance of the electrolyte
and the degradation of the LSM electrode. Economic analysis calculations indicated that under
low current density, co-electrolysis coupled with nuclear energy for the production of synthetic
hydrocarbon fuels was economically viable; for intermittent renewable energy sources,
operating at higher current densities was economically more interesting.

In 2011, Rise conducted a long-term co-electrolysis experiment with a stack [121]. The stack,
composed of ten 12 cm x 12 cm planar cells made of Ni-YSZ/YSZ/LSM-YSZ, was operated at
850 °C in a gas mixture of 45% H20, 45% CO2, and 10% H> at -0.50 A/cm? for 800 hours, with
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no observed performance degradation, validating the feasibility of long-term stable CO2-H20
co-electrolysis in SOEC stacks.

Shao et al. studied steam electrolysis using tubular solid oxide cells [188]. They found that the
porosity of the Ni-YSZ hydrogen electrode significantly impacts the performance of tubular
stacks, and this porosity can be adjusted by varying the amount of pore-forming agent in the
support slurry. The mechanism behind this is that in electrolysis mode, increasing the pore-
forming agent content reduces the ratio of electronic to ionic conductivity in the NiO-YSZ

electrode, which significantly affects the charge transfer process of the electrode.
1.4.2 Degradation and proposed mechanisms

The major obstacle to the economic viability and large-scale adoption of SOECs is the
degradation of the stack over prolonged operation. Enhancing the lifespan and stability of the
electrolysis cells necessitates a deeper understanding of the material changes occurring during
system operation. Due to the typical input of mixed H2 and H20 gases in SOEC systems, the
high-temperature, high-humidity environment results in more severe degradation in SOECs
compared to SOFCs. Experimental results indicate that polarization resistance in electrolysis
mode significantly increases, often being 2 to 3 times that of the fuel cell mode [189].
Furthermore, the degradation of the oxygen electrode is more pronounced than that of the fuel
electrode.

Figure 1.11 illustrates the degradation rate observed during a 1,000-hour electrolysis test
conducted by INL on a 25-cell stack, which resulted in an 18% decrease in hydrogen production
[187]. The degradation mechanisms of SOFC materials can offer insights also into the
degradation of SOECs. However, the specific degradation mechanisms may differ in the two
operation modes due to differences in their electrochemical and thermodynamic environments,
as well as the opposite directions of ion and electron transport [190,191]. Therefore, further
understanding of SOEC degradation mechanisms is essential for the advancement of
electrolysis technology. Several primary causes of SOEC degradation reported in the literature,
including Cr poisoning of the oxygen electrode [192], cation segregation on catalyst surfaces
[193,194], interfacial cation diffusion between the electrolyte and electrode, and the redox
stability of the hydrogen electrode. The primary degradation mechanisms proposed in the

literature are discussed separately below for the two electrodes and the electrolyte.
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Figure 1.11. ASR variation of 25-cell stack after 1000 h of operation. Reproduced with
permission of Ref. [187], Copyright of ©2005 NURETH-11 Conference.

1.4.2.1 Fuel Electrode: SOEC Cathode

At high temperatures, elements such as Cr, Ni, and Si from the interconnect and seal materials
may volatilize and deposit on the electrode surface, potentially blocking active sites or forming
secondary phases that impede electrode reactions [145]. The kinetics of SOFC degradation are
well-studied, allowing effective control of the degradation rate to within 2% per 1000 hours
[195]. However, research into SOEC electrode material poisoning is still in its early stages.
Understanding the sources of contaminants and their transport mechanisms, along with the
passivation of reaction sites, can aid in better controlling electrode poisoning. Lay-Grindle et
al. used 3D reconstruction methods to investigate the degradation of Ni-YSZ cathodes after
high-temperature electrolysis [196]. They developed a 3D reconstruction model based on data
from two long-term stack tests and X-ray observations of the experimental materials. Their
method revealed changes in the microstructure of the SOEC cathode, such as tortuosity factor
and triple-phase boundary (TPB) length density, both of which showed significant changes
during long-term testing. Evolutionary morphological parameters were introduced in both
micro and macro models to represent their effects on electrode and stack performance
degradation. The results indicated that the TPB length density degraded at a rate of
approximately 22% per 1,000 hours of operation at 800 °C, -0.8 A/cm?, 10% Ha - 90% H:O.
This loss of TPB length density contributed to an increase in electrolysis voltage at a rate of

1.3% per 1000 hours, partially explaining the stack’s degradation rate.
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Researchers at Risg National Laboratory discovered that, unlike the SOFC process, Si
poisoning is the primary mechanism leading to hydrogen electrode degradation during SOEC
operation [197]. This was attributed to the volatilization of glass from the sealing materials as
gaseous Si(OH)4, which subsequently decomposed on the electrode surface, forming SiO2
deposits that blocked hydrogen generation sites and suppressed the reaction. The deposition of
SiO2 was driven by the higher vapor pressure within the SOEC system, a phenomenon not
observed in the same electrode under SOFC mode. It was found that SiO. primarily
accumulated within a few microns of the hydrogen electrode, near the electrode-electrolyte
interface. Redox cycling process in SOECs has been also identified as a significant issue
affecting the stability of the Ni/YSZ electrode. In the Ni/YSZ electrode, the consecutive
reduction and oxidation of Ni particles can lead to microstructural changes.

The high-temperature steam environment at the hydrogen electrode during electrolysis is a key
factor to understand cell degradation, with NiO formation of NiO decreasing the performance.
Rise National Laboratory conducted stability tests on SOECs, revealing significant degradation
of the Ni/YSZ electrode under high steam pressure and high current density conditions. At
950 °C, -2 A/cm? current density, and 0.9 atm pressure, the SOEC operated for only 68 hours
before the polarization resistance increased by 200% [197]. Post-experiment microchemical
analysis showed significant microstructural changes at the hydrogen electrode/electrolyte
interface, attributed to NiO oxidation. Due to the migration of Ni particles, a 2-4 pm thick Ni
layer formed at the YSZ interface, severely impeding the transfer of oxygen ions from the
cathode to the electrolyte. The authors proposed the development of new hydrogen electrode
entirely based on ceramic materials, to deal with this problem.

Nickel migration is primarily attributed to reactions between water and Ni particles, which
produce volatile substances like Ni(OH)2. These substances then volatilize and deposit on the
YSZ surface, as illustrated in Figure 1.12 [197]. Below 1000 °C, Ni(OH)2 can coexist with NiO
and Ni in 20%H20/H2 mixtures. According to Osinkin et al., if the water content during
operation exceeds 45 vol%, the degradation process accelerates [198]. Hauch et al. reported
that after testing at 850 °C, 50 vol% water content, and -1 A/cm? for 700 hours, Ni particles
became coarser and increased in volume [197]. When a 98%H20O/H2 mixture was introduced
into the system, the polarization loss of the Ni/YSZ electrode nearly doubled. At higher current
densities and/or with higher humidity inlet gases, Ni migration due to volatile Ni(OH)2 could
cause the Ni-YSZ layer at the hydrogen electrode/electrolyte interface to become denser. After

1,300 hours of operation at 850 °C, -0.5 A/cm?, and 50% steam concentration, the voltage
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degraded by 2%, and the ohmic resistance increased by 10%. However, when the operating
temperature, current density, and absolute humidity were increased to 950 °C, -2.0 A/cm?, and
90%, respectively, the ohmic resistance doubled after 68 hours. This phenomenon was

attributed to the increased partial pressure of Ni(OH)2 (~10® atm).
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Figure 1.12. Illustration of the possible mechanism for microstructural changes observed at the
YSZ-Ni/YSZ interface in a high current density SOEC test. Reproduced with permission of
Ref. [197], Copyright of © 2008 ECS.

The hydrogen electrode is also highly sensitive to impurities typically found within the YSZ,
such as Si, Na, and Al. Hauch et al. [121], conducted multiple 1000-hour experiments under
electrolysis mode to study this effect. After a period of passivation, they observed reactivation
and long-term degradation processes in the cells. The passivation and reactivation were
attributed to the segregation of impurities, such as Si from the glass sealing materials (albite,
NaAlSi30s) and electrolyte powders. The corrosion effect of SiOz is primarily due to its volatile
hydrated form, Si(OH)4 as already mentioned above. High steam pressure, high-temperature
and high-current density environments within the operating system increase the partial pressure
of Si(OH)4. The formation of impurities at the TPB sites hinders their hydrophilicity; however,
as the impurities further crystallize, partial activation can be observed. This activation
phenomenon is mainly controlled by changes in the water vapor pressure gradient in the Ni/YSZ
electrode. Additionally, the reversal of O? migration direction when the stack transitions from
SOEC mode to SOFC mode can lead to the movement of impurities from the TPB into the
interior of the Ni/YSZ composite electrode leading to reactivation. According to Hauch’s

research [121], Si poisoning can be avoided by using seal materials with lower Si content. The
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Si contamination in the hydrogen electrode was significantly controlled when using mica

gaskets or ceramic sealing paste as sealing materials for a stack composed of 720 cells.

1.4.2.2 Oxygen Electrode: SOE Anode

Research indicates that the degradation of oxygen electrode performance is the primary factor
contributing to SOEC degradation, as illustrated in Figure 1.13 Current literature on the
accelerated degradation of SOECs consistently indicates that the cause is the delamination or
structural decay at the oxygen electrode-electrolyte interface. The studies in question utilize
LSM oxygen electrodes, with the cells being either electrode-supported or electrolyte-
supported, using YSZ (8 mol% Y) and ScSZ (6 mol% Sc) electrolytes. The reports identify the
formation of secondary oxide phases as the main cause of oxygen electrode decay, leading to

increases in both non-ohmic and ohmic impedance.

Figure 1.13. a) A 10 cm x 10 cm solid oxide electrolysis cell surface shown from the anode
side after operation; b) A cross-section SEM image demonstrating the detachment. Reproduced

with permission of Ref. [199], Copyright of ©2009 OSTIL.GOV.

Poisoning of the oxygen electrode in SOFCs has been extensively documented in literature,
with two primary hypotheses proposed for the degradation. The first hypothesis suggests that
at high temperatures, volatile chromium-containing compounds from the stainless-steel
interconnect materials, such as CrOs or CrO2(OH): [200], deposit on the electrode and
electrolyte surfaces, and decompose into chromium oxides, leading to polarization losses [201].
The second hypothesis posits that, alongside gas-phase transport, solid-state diffusion and
decomposition of chromium-containing elements are potential mechanisms for chromium

deposition [202]. Recently, it has been proposed that the chromium deposition process is a
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nucleation reaction occurring between chromium-containing compounds and condensation
nuclei on the electrode, driven by thermodynamics and controlled by kinetics.

The formation of chromium-containing secondary phases hinders the active sites at the TPB
interface, rendering them insulating. To mitigate the issue of chromium diffusion, a common
method is to fabricate a conductive protective layer on the surface of the interconnect material.
Spinel and perovskite materials are the most widely used coating materials and have begun to
be applied to the coating preparation of commercialized cell stacks, but their oxidation
resistance and long-term stability need further verification.

Since oxygen enters the electrode from the electrolyzer, it can form excessive local pressure at
the electrode/electrolyte interface, causing the oxygen electrode to delaminate [203]. Currently,
several theoretical models are used to explain the causes of delamination at the oxygen
electrode/electrolyte interface. According to Virkar’s model [204], a higher chemical potential
and ultra-high pressure of neutral substances will form near the electrode/electrolyte surface.
Current research in this area is primarily limited to non-in situ observations, focusing on
material decay and the assessment of critical damage after operation [205].

Jacobsen and Mogensen’s model points out [206] that a harmful internal "oxygen partial
pressure" may form inside the SOEC, leading to delamination of the oxygen electrode or the
electrolyte near the SOEC anode. When operating in SOEC mode, the positive potential of the
anode increases while the negative potential decreases, leading to an increased electrochemical
potential gradient in the electrode. Since the anode has a higher chemical potential during
operation, more and more oxygen accumulates at defects around the solid-solid interface of the
electrolyte and oxygen electrode.

Rashkeev et al. proposed that the interdiffusion of different metal ions at the oxygen electrode-
electrolyte interface at high temperatures can significantly accelerate the delamination process
[207]. They specifically analyzed the diffusion of La/Sr/Mn elements from the LSM electrode
to the YSZ electrolyte, and Zr from the YSZ electrolyte to the LSM electrode. The active
mechanisms under SOEC mode are as follows: first surface migration of SrO forming oxygen
vacancies on the LSM electrode [208] and then enrichment of Mn?" on the YSZ surface.
Backhaus-Ricoult et al. detected this phenomenon, which led to an increase in the electronic
conductivity of the YSZ area [209]. In addition, the diffusion of La*" and St*' towards the triple
phase boundary may form lanthanum zirconate on the YSZ surface [210], which is also

contributes to delamination.
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Zheng et al. tested and compared the degradation performance of three types of oxygen
electrode materials, LSM-YSZ, LSC-GDC, and LSCF-GDC, in large solid oxide electrolyzer
stacks [211]. High-temperature electrolysis experiments were conducted at a current density of
-0.50 A/em?, 750 °C, with a H2O/Hz ratio of 90/10, lasting for 640 hours. Post-test analysis was
performed by dividing a 10 cm % 10 cm cell into four areas: air inlet area, water vapor inlet
area, water vapor outlet area, and air outlet area. The results showed that the phenomenon of
oxygen electrode delamination mainly occurred in the vapor and air inlet areas of LSM and
LSC, with delamination in the vapor inlet area being much more severe.

he activity and stability of LSM-based SOEC oxygen electrodes can be enhanced by expanding
the reaction area beyond the electrode/electrolyte interface to include the surfaces of the
microparticles within the LSM electrode. Hauch et al. noted that optimizing the contact between
the electrode and electrolyte surfaces is crucial for achieving and maintaining this enhancement
[197]. Alternative strategies include developing YSZ-LSM composite electrodes, utilizing
mixed ionic-electronic conductors like LSCF, and incorporating superoxide ion conductors
such as GDC nanoparticles. Additionally, adding Pd nanoparticles and other oxygen diffusion
aids to the LSM electrode can help reduce the oxygen partial pressure at the TPB interface
[185,212].

1.4.2.3 Electrolyte

To prevent chemical reactions between the oxygen electrode and the YSZ electrolyte, a CGO
protective layer is usually applied on YSZ. Tietz et al. conducted post-analysis on the SOEC
system with a LSCF electrode on a CGO film coated on YSZ, which operated at -1.0 A/cm?
[157]. After testing the LSCF oxygen electrode-supported cell, the characterization reflected
that the main reason for the cell voltage decay was related to the increase in series voltage. The
series voltage is related to the electrolyte and the electrolyte/CGO-LSCF oxygen electrode
interface. After 9000 hours of testing at -1.0 A/cm?, several changes occurred in the cell
materials: (1) The fine structure of the crystal boundaries of the electrolyte changes; (2)
Capillary pores appeared parallel to the horizontal at the 8YSZ/CGO interface; (3) Material
transfer and the formation of a dense layer at the 8YSZ/CGO interface; (4) Fluctuations in the
composition of the LSCF electrode (affecting ohmic impedance); (5) Recrystallization of LSCF
in the electrochemically active area (affecting the catalytic behavior of the electrode); (6)
Instability at the 8YSZ/Ni-YSZ interface (affecting mechanical properties); (7) Changes in the

surface roughness of Ni particles.
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Knibbe et al.[213] reported that solid oxide cells operating in electrolysis mode exhibit
degradation when the current density exceeds -1 A/cm?. Analysis of the SOEC system using
electron scanning microscopy after testing, revealed the composition of capillary pores at the
crystal boundaries near the LSM/YSZ interface of the YSZ electrolyte. They attributed the
formation of capillary pores at the YSZ crystal boundaries near the oxygen electrode. Moreover,
the higher the current density and operating temperature, the more severe this phenomenon.
They found that in electrolysis mode, the oxygen formation sites may be at the grain boundaries
of the electrolyte. The rate of oxygen formation depends on the nucleation rate and the growth
mechanism of YSZ crystals. The aggregation of oxygen molecules at the grain boundaries
blocked the transport of ions, increasing the resistance of the electrolyte. In some observations,
voids grew along the grain boundaries, creating cracks inside the electrolyte, which also
weakened the connection between the oxygen electrode and the electrolyte, increasing the
ohmic resistance.
Tietz et al. observed changes in the electrolyte material after operating at -1 A/cm? for 9000
hours: longitudinal pores and voids grew along the grain boundaries [157]. They believed that
the void layer was caused by the cation diffusion of the electrolyte. The driving force for this
diffusion is the oxygen partial pressure. The difference in transfer coefficients during the mass
transfer process led to the production of voids, known as Kirkendall voids. The observed
structural changes may affect the specific ionic conductivity of the electrolyte. They suggested
that at high current densities, the formation of vacancies leads to the production of voids,
causing damage to the electrolyte structure. The production of voids can be explained by the
aggregation of (Vzr-2Vo)x according to the reaction:

400 + Zry = 40; + 2Vy + (Vg - 2Vp) 4 + 21 1 (Eq.19)
Oo: represents a normal lattice oxygen ion.
Zrzr: represents a normal lattice zirconium ion.
Oi": represents an interstitial oxygen ion.
Vo: represents an oxygen vacancy.
Vz:: represents a zirconium vacancy.
(Vz'2Vo)x | : represents the precipitation of the complex defect consisting of a zirconium
vacancy and two oxygen vacancies.
Zr | : represents the precipitation of zirconium ions.
At low current densities, oxygen interstitial vacancies hardly move and have no significant

impact on the electrolyte.
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1.5. Modification of SOEC electrodes

1.5.1. Element Doping

Perovskite oxides known for their mixed ionic and electronic conductivity, anti-coking
properties, impurity tolerance, redox stability and durability, present a promising option for
SOEC fuel electrodes. However, they face challenges such as lower electron conductivity and
catalytic activity compared to nickel-based cermet materials. To overcome these limitations,
strategies like element doping, in situ precipitation, and infiltration have been explored. The
physical and chemical properties of perovskite oxides can be effectively tailored by doping with
various elements to meet specific application needs [214,215]. Doping enhances mixed
conductivity, allowing single-phase perovskite oxides to function as fuel electrodes by
expanding active sites across the surface exposed to reaction gases.

For A-site doping of perovskite oxides, the main dopants are alkaline earth metals and rare earth
elements from the lanthanide series. For example, doping La into the A-site of SFM increases
the unit cell volume, slightly reduces conductivity but significantly improves the oxygen
surface exchange rate and bulk diffusion coefficient [216]. B-site doping typically involves
transition metals from groups IB-VIIIB. High-valence dopants such as Ti*", Nb>*, and Mo®" in
the B-site of LSF effectively inhibit Sr segregation and SrCO3 formation [217].

Furthermore, Lao9SrosCo04MnosO39-5 doped with F exhibits excellent stability, even in
reaction gases containing 100 ppm H2S [218]. This suggests that suitable F doping at the O-site
in perovskite-related oxides could provide novel SOEC fuel electrodes with enhanced

performance and stability for H2O electrolysis.
1.5.2 In Situ Exsolution

In situ exsolution, also known as redox exsolution, involves doping metal elements into the
oxide matrix in an oxidizing atmosphere, followed by precipitation at the surface of the
electrode in a reducing atmosphere. This process forms metal nanoparticles on the electrode
surface, which exhibit strong interfacial interactions with the substrate, enhancing electron and
atomic oxygen transfer during electrolysis. These nanoparticles may act as active catalytic
phases for H2O electroreduction [219] and can re-integrate into the lattice upon re-oxidation
[220,221]. The matrix oxide used can be a simple perovskite, double perovskite, or RP oxide.
During in situ treatment, A-site deficient simple perovskites are more likely to produce
numerous metal nanoparticles on the substrate. The substrate's crystal structure may either

match or differ from the matrix oxide. Stoichiometric simple perovskites exsolves many metal
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nanoparticles and often decompose, resulting in a mixture of the A-site element's oxide and
metal particles [222-225]. Besides A-site deficiency, factors such as oxygen vacancy
concentration, the type of doping metal element, and reduction conditions significantly
influence nanoparticle exsolution. Transition metals are typically used as doping elements, with
Fe, Co, Ni, and Ru being the most suitable due to their higher reducibility. The exsolved
nanoparticles may be pure metals or alloys, depending on the dopants [226].

After the reduction of La0.6Sr0.4Co07Mno.303, Co nanoparticles exsolved and the substrate
transformed into La1.2S10.8C00.4Mno.6O4 with an RP structure, as illustrated in Figures 1.14a and
1.14b [227]. These Co nanoparticles are uniformly distributed, and the high oxygen vacancy
concentration in the RP substrate contributes to exsolution. Furthermore, calculations of
reaction energy and activation energy suggest that Fe, Ru, Co, and Ni-Fe are promising

candidate materials, as shown in Figure 1.14¢ [228].
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Figure 1.14 a) XRD patterns of Lao.6Sr0.4C00.7Mno.303 in reduced and oxidized states, showing
reversible phase change between single perovskite LaoeSro4Co07Mno30Os and RP
La1.2Sr0.8C00.4Mno.604; b) exsolved Co nanoparticles on Lai1.2Sro.8C00.4Mno.sO4 substrate in Co—
La12Sr0.8C00.4Mno.c0s fuel electrode reduced from Lao.sSro.4Coo0.7Mno303; ¢) Normalized
activity for H2O-CO2 co-electrolysis on substrate of pure transition metals at 800 and 1.3 V,
confirming that Fe, Ru, Co, Ni-Fe, etc., are promising fuel electrode candidates for H2O-CO2
co-electrolysis. Reproduced with permission of Ref. [227] [228], Copyright of ©2019 Elsevier
and 2018 ACS

1.5.3 Infiltration

Infiltration of catalytic nanoparticles in a scaffold forming an electrode plays a crucial role in
developing high-performance SOEC electrodes. This approach enables the creation of unique
microstructures with optimized particle size and dispersion. Solution infiltration is a traditional
method used to introduce a second phase into solid oxide electrodes, enhancing their
conductivity and catalytic activity for electrolysis. By ensuring a well-dispersed distribution of

nanoparticles, this method boosts both ionic and electronic conductivity through the formation
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of an extensive, interconnected nanoparticle network. This network increases the TPB length
and lowers overall cell resistance. Furthermore, infiltration prevents adverse phase interactions
with the electrolyte and avoids the formation of insulating phases due to the reduced thermal
requirements for phase formation. These improvements in electrochemical properties enable
infiltrated cells to operate at lower temperatures enhancing their long-term stability. [229-231].
Several papers have shown improvement of cell performance after infiltration. For instance,
Hanifi et al. demonstrated that infiltrating SDC into a Ni-YSZ anode creates a nano-SDC
particle network (as illustrated in Figure 1.15a), leading to the improvement of electrochemical
reactions. Similarly, the infiltration of LSM into a YSZ scaffold (Figure 1.15b) enhances SOEC
performance compared to conventional LSM—YSZ composites [229]. The morphology of the
YSZ scaffold has a significant impact on the surface area, TPB length, and consequently, the
cell's electrochemical performance. Ni—Y SZ supports prepared from calcined/milled YSZ and

infiltrated with LSM nanoparticles exhibit a uniform microstructure and more homogeneous

infiltrate distribution, resulting in superior performance compared to conventional LSM-YSZ

cathodes [229,232].

Figure 1.15 a) Ni-YSZ coverage by SDC near the interface of the fuel electrode and electrolyte,
b) YSZ coverage by LSM near the interface of the cathode and electrolyte. Reproduced with
permission of Ref. [229], Copyright of ©2014 Elsevier

Infiltration of various types of materials, including both metals and oxides, have been reported
so far. The infiltration of ceria significantly increases the catalytic surface area for fuel
oxidation [233,234]. Cu infiltration is preferred for CO2 electrolysis applications due to the
enchantment of the carbon tolerance and electrical conductivity [235,236]. Infiltrating porous

YSZ scaffolds with Ni presents a promising alternative to conventional Ni-YSZ cermets, as it
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mitigates thermal stresses and improves the mechanical strength of the electrode through the
increased YSZ content [237]. In addition, Ni infiltration notably improves a cell's resilience to
redox cycling [238]. The nano-sized Ni particles achieved electrical percolation at a lower
volume fraction (approximately 9 vol%) than bulk nickel [239,240]. Unlike traditional Ni-YSZ
cermets, electrodes prepared by Ni infiltration into YSZ, does not cause significant structural
stress preventing electrode and/or electrolyte cracking [233,238,241].

In addition to metal infiltration into a YSZ scaffold, direct particles infiltration into Ni-YSZ
cermets has been shown to significantly improve both cell performance and redox stability.
Howe et al. showed that infiltrating SDC into the Ni-YSZ electrode improved conductivity and
extended the TPB length, resulting in reduced cell degradation after 56 thermal cycles [242].
SEM images (Figure 1.16) show that co-infiltrating Ni and SDC effectively controlled particle

growth, maintaining electronic interconnectivity, while SDC-free samples displayed isolated,

larger Ni particles connected to a lower conductivity.

Figure 1.16 SEM images showing the microstructure of infiltrated porous YSZ support
structures (a) within the Ni-SDC infiltrated porous YSZ anode and (b) within the middle of a
typical Ni infiltrated porous YSZ support. Reproduced with permission of Ref. [242], Copyright
of ©2013 Elsevier.

Buyukaksoy et al. observed that the stability of Ni-YSZ cermets formed by Ni infiltration is
highly dependent on the pore size of the YSZ substrate. Uniform Ni particle distribution and
high stability were achieved with a fine-grained YSZ scaffold (~200 nm pores), whereas larger
pores led to lower stability and performance due to Ni agglomeration [243]. Despite attempts
to mitigate Ni coarsening through co-infiltration or reducing pore size, complete control of

electrode morphology remains extremely difficult. The infiltration process is also labor-
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intensive, requiring 25-30 applications for a 500 um support to achieve percolation of nickel
particles [241,244,245], making it unsuitable for commercial use despite improved cell
stability.

In conclusion, infiltrated electrodes demonstrate greater long-term durability under high-
temperature steam electrolysis compared to conventional electrodes. However, the infiltration
methods developed so far are quite labor-intensive and challenging to implement on a large

industrial scale.

1.6. In situ and Operando spectroscopic studies of SOECs

The advancement in understanding the complex electrochemical processes within SOCs is
increasingly dependent on in situ and operando characterization techniques [246—248]. These
methods have not only accelerated the understanding of degradation mechanisms and the
identification of active sites but have also driven the development and synthesis of advanced,
nano-engineered materials. In situ measurements generally focus on a single cell component,
such as the cathode electrode, within a controlled environment. In contrast, operando
techniques—derived from the Latin word for "working"—provide real-time monitoring of a
device during operation. However, applying operando methods to SOCs presents a considerable
challenge due to the need for a complex cell design. This design must incorporate heating
systems, gas connections, fuel supply, and secure isolation of the electrode atmosphere, in
addition to the necessary experimental probes and instrumentation.

This section provides an overview of state-of-the-art in situ and operando characterization
techniques, including transmission and scanning electron microscopy, surface-enhanced
Raman spectroscopy, electrochemical impedance spectroscopy, X-ray diffraction, and
synchrotron-based methods such as X-ray photoelectron spectroscopy and X-ray absorption

spectroscopy.
1.6.1 Laboratory-based techniques

1.6.1.1 Transmission and scanning electron microscopies

In situ transmission electron microscopy (TEM) is a potent, albeit intricate and costly,
characterization method that may provide real-time atomic-scale visualization of
electrochemical processes. It has been extensively applied to a variety of energy materials and
devices, including batteries, catalysts, fuel cells, and solar cells, with recent advancements and

specific setups detailed in notable review articles [249,250]. Despite in situ TEM's ability to
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perform analyses under various atmospheres, the operating pressures are typically limited to
few mbar, which do not accurately represent the actual operating conditions of electrochemical
systems.

A remarkable application of in situ TEM, in conjunction with scanning TEM (STEM) and
electron energy loss spectroscopy (EELS), was documented in the study of PrxCe1—x02-5 (PCO)
thin films on YSZ [251]. Through consecutive experiments at different temperatures—room
temperature, 300 °C, and 650 °C—in both oxidizing and reducing conditions, the authors
characterized chemical strains and oxidation state changes within PCO cross sections. Notably,
structural defects exhibited variations; periodic strain fields, indicative of misfit dislocations,
altered in size during thermochemical expansion (Figure 1.17), while threading dislocations,
capable of trapping reduced cations, emerged upon sample reoxidation. Additionally, the
sample demonstrated anisotropic chemical expansion, releasing oxygen from the lattice, with

the extent varying across the interface.
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Figure 1.17 In situ phase contrast TEM images of PrxCe1-x0O2-YSZ interface at 300 °C and 650 °C
(upper panels) and temperature evolution of interfacial fringe width, W and periodicity, A (lower
panel). Reproduced with permission of Ref. [251], Copyright of ©2018 ACS.

Niania et al. [252] presented an in situ high-temperature environmental scanning electron
microscopy (HT-ESEM) investigation of Sr segregation in LSCF under three distinct
atmospheres: Oz, pure H20, and ambient lab air. They discovered that water accelerates and

amplifies Sr particle formation. Furthermore, common atmospheric constituents, such as COz,
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SOx, or NOx, may lead to surface passivation. The authors, based on their observations,
proposed a stepwise mechanism for Sr precipitate formation: strontium segregation to the
surface, monolayer development, nucleation at grain boundaries or defects, Sr-based particle

formation, and ultimately, particle agglomeration.

1.6.1.2 Fourier-transform infrared spectroscopy (FTIR)

Infrared (IR) absorption spectroscopy is widely recognized as a powerful analytical tool for
characterizing heterogeneous catalytic systems. Various modifications can be applied to adapt
the technique to specific system requirements, as shown in Figure 1.18 [253]. Among these, in-
situ Fourier Transform Infrared (FTIR) spectroscopy is particularly useful for providing real-
time insights into the chemical properties of adsorbates during electrochemical reactions, thus

aiding in the understanding of complex electrocatalytic mechanisms [249,251-253].
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Figure 1.18 Common setups used for the characterization of catalytic samples using infrared
absorption spectroscopy. a) transmission (TIR) mode, where the IR beam is directed through a
self-sustained sample placed inside the catalytic reactor and collected after exiting for analysis.
b) diffuse reflectance (DRIFTS) mode, where powder samples are radiated by a focused IR
beam and the scattered light collected using a high-area parabolic mirror. ¢) attenuated total
reflection (ATR) mode, where the sample is placed on the outside of the flat surface of the prism
used to direct the beam. d) reflection—absorption (RAIRS) mode, where the beam is bounced
from a flat reflective surface before collection. Reproduced with permission of Ref. [253],

Copyright of ©2014 RSC.
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In the context of CO2 and H20 co-electrolysis in SOECs, a detailed understanding of the
involved reactions, transport phenomena, and degradation processes is essential. In-situ
monitoring of reactants, products, and adsorbents is crucial for thorough characterization [254].
Since most molecular vibrational modes fall within the energy range of mid-infrared light (2.5—
50 um, 4000-200 cm™), IR spectroscopy is particularly well-suited for this purpose.

Conducting operando FTIR studies in transmission mode poses challenges, as it requires
samples transparent to IR radiation. A more practical alternative is diffuse reflectance infrared
Fourier transform spectroscopy (DRIFTS), depicted in Figure 1.19 [254], a technique well-
established in catalysis research. DRIFTS allow for the experimental setup to be adapted by
replacing the traditional powder-basket configuration with a compact solid oxide cell, closely
resembling typical lab-scale electrochemical testing conditions. This method is particularly
suitable for in-situ monitoring of co-electrolysis, as it can detect both gaseous and adsorbed

species of CO and COa.
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Figure 1.19 Schematic drawing the evolution of the base unit design and the optical path
through the DRIFTS apparatus. A) As purchased Spectra-Tech configuration. B) Modification
to reduce gas leak in chamber. C) SOC operation configuration. D) Full schematic view of
DRIFTS rig showing mirror assembly and beam path. Reproduced with permission of Ref.
[254], Copyright of ©2015 RSC.

The use of FTIR in solid oxide cell studies is relatively limited, with most research focusing
primarily on SOFCs. FTIR was utilized in a simplified the experimental setup by using

symmetric Pt/YSZ/Pt cells to study the oxygen reduction reaction [255]. The results highlighted
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that both the electrode microstructure and silica contamination have a significant impact on
electrochemical performance and spectroscopic responses. Overall, there are very few operando
IR studies related to SOC and all of them focus on reaction involving CO2 and CH4 [256].
1.6.1.3 Surface-enhanced Raman spectroscopy

Raman spectroscopy is recognized for its simplicity and efficacy, frequently applied both in
situ and ex situ to analyze oxygen, sulphur, hydrocarbons, and water [257]. It also monitors
structural shifts due to oxidation or reduction, which manifest as alterations in the vibrational
modes of electrode materials. Despite Raman's sensitivity limitations, surface-enhanced Raman
spectroscopy (SERS) has emerged as an advantageous alternative to provide information about
the surface of the materials. SERS leverages metal nanoparticles, such as gold (Au) or silver
(Ag), to significantly enhance the signal emitted by nearby molecules. The implementation of
isolated Ag@SiO2 core-shell nanoparticles has extended the utility of SERS to higher
temperatures (around 400 °C), thereby enhancing its sensitivity over traditional Raman
methods.

Pioneering the application of this technique to SOFC materials, Liu's team [258] demonstrated
its effectiveness in examining coking (as depicted in Figures 1.20(a)—(c)) and the removal of
carbon from the Ni-based SOFC anode, as well as the dynamics of adsorbed oxygen in ceria,
under both oxidizing and reducing conditions. This marks the first instance of SERS being
employed for such a purpose, showcasing its potential in advancing the study of SOFC

materials.
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Figures 1.20 In situ analysis of carbon coking on Ni via a) normal Raman spectroscopy and b)
SERS with isolated Ag@SiO: core-shell nanoparticles. The integrated intensities of carbon D-
band mode at 1350 cm™! from a) and b) are shown in ¢). Reproduced with permission of

Ref.[258], Copyright of ©2013 RSC.
1.6.2 Synchrotron-based X-ray techniques

1.6.2.1 Near ambient pressure X-ray Photoelectron Spectroscopies (NAP-XPS)
Several synchrotron-based characterization techniques are available, with X-ray absorption

spectroscopy (XAS), X-ray diffraction (XRD), near ambient pressure XPS (NAP-XPS), and X-
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ray Raman spectroscopy (XRS) being particularly significant for characterizing
electrochemical oxide materials. These techniques benefit from the high brilliance and
tunability of synchrotron radiation, enabling faster data acquisition and significantly enhanced
data quality. Current research in solid oxide cells predominantly focuses on Ni-cermet-based
electrodes and perovskite-type electrode materials [259-262].

The application of in situ XPS studies is particularly valuable, as it offers real-time chemical
information about the surface of the material under investigation. This insight is crucial for
understanding surface chemistry and developing effective strategies for electrode optimization.
Additionally, these studies are essential for establishing a solid foundation for comprehending
electrode reactions in solid-state electrochemistry. Today some synchrotron beamlines allow
the simultaneous combination of several complementary measurement techniques within a
single experiment. When used with dedicated electrochemical cells, these techniques can
provide time-resolved structural, chemical, and electrochemical information as materials evolve
or as devices operate.

Klotzer et al. [263] studied the surface chemistry and water splitting kinetics of the perovskite-
type mixed conductor Lao.eSro4FeOs-s (LSF) under electrochemical polarization in humid Ha
atmospheres using NAP-XPS. Figure 1.21 presents the I-V curves for the LSF working
electrode, along with the in situ Fe 2p spectra corresponding to various polarization states. The
formation of metallic iron species (Fe’) was observed at relatively low cathodic overpotentials.
This Fe? species significantly enhanced the electrochemical water splitting activity on the LSF
surface, resulting in a highly asymmetric current-voltage curve that deviated from typical
exponential behavior, such as that predicted by the Butler—Volmer equation, indicating a change
in the reaction mechanism at the LSF surface. Upon removal of polarization, the cathodically
formed Fe’ was rapidly re-oxidized to a mixed Fe?"/Fe’" state within approximately 400 sec, as

observed during simultaneous XPS and impedance measurements.
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Figure 1.21 Current-overpotential curve (Idc vs. h) of LSF in a humid reducing atmosphere
(0.25 mbar Hz + 0.25 mbar H20). The symbols represent measured values; the line is not a fit
but a guide for the eye. The reaction proceeding on the surface of the LSF working electrode is
given top right. For selected points of the curve (indicated by arrows), Fe 2p XPS spectra are
shown as insets. The sketches indicate the situation for the LSF surface and the resulting

reactivity, respectively. Reproduced with permission of Ref. [263], Copyright of ©2014 Wiley-
VCH.

Wen et al. [264] conducted in situ NAP-XPS on epitaxial LSC thin films, both with and without
a ZrOz thin layer deposited by atomic layer deposition (ALD). The ZrOz coating was found to
stabilize the surface by reducing the concentration of oxygen vacancies through cation
exchange between Co and Zr in the surface region. This stabilization led to a significantly lower
polarization resistance and greater stability at 550 °C over more than 330 hours compared to
the uncoated LSC. Finally, Opitz et al. [265] combined in situ NAP-XPS and Electrochemical
Impedance Spectroscopy (EIS) measurements to investigate Sr segregation in LSC thin films.
Their study revealed the formation of a La-containing Sr phase that initially appeared on the
surface. This phase, even before covering the entire surface, was responsible for blocking active

Co sites, which contributed to the degradation of electrode activity. Interestingly, further
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increases in temperature also led to Sr segregation, but this had a minimal impact on electrode

activity.

1.6.2.2 Combination of NAP-XPS and Near-edge X-ray Absorption Fine Structure
Spectroscopies (NEXAFS)

Near edge X-ray absorption fine structure (NEXAFS) is a technique that provides insights into
the valence state and local symmetry of an element. It is not only element-specific but also
highly sensitive to the local coordination environment [266]. Zafeiratos et al. [260] conducted
a comparative study on the surface reactivity of Ni/YSZ cermet and Lao.75Sr0.25Cro9Fe0.103
perovskite electrodes. These experiments, carried out at intermediate temperatures and under
gas-phase conditions relevant to both SOC modes, utilized in situ synchrotron-based NAP-XPS
and NEXAFS, supported by theoretical spectral simulations, microscopy, and electrochemical
measurements. The results revealed that both electrode types rapidly adjust their surface
composition in response to the reactive gas atmosphere. For Ni/YSZ, these adjustments were
marked by significant changes in the oxidation state of nickel. In contrast,
Lao.75Sr0.25Cro.9Fe0.103 exhibited fine tuning of the Cr valence and pronounced Sr segregation.
A key distinction between these electrodes was their ability to retain adsorbed hydroxyl groups
on the surface, which is anticipated to be crucial for their electrocatalytic properties.

Chen et al. [267] studied Lao.6Sr0.4Coo2Feos03 (LSCF) electrodes coated by a PrNio.sMno.s03
(PNM) thin film with exsoluted PrOx nanoparticles. Using NAP-XPS and XANES
measurements, they discovered that the PrOx NPs significantly increased the density of states
(DOS) in the valence band compared to pristine LSCF. A temperature-dependent decrease in
the O K-edge XAS (near edge EXAFS) was attributed to the formation of oxygen vacancies in
PrOx. The study concluded that the improved oxygen kinetics in PrOx-coated LSCF was due to
the higher number of available oxygen vacancies and electronic states, which facilitated charge

transfer.
1.7. Structure and objectives of PhD Thesis

As evident by the literature review presented above, SOCs exhibit significant potential for
hydrogen production through water electrolysis (SOEC mode) and power generation using
hydrogen (SOFC mode). This thesis primarily focuses on investigating the surface chemistry
of commonly used hydrogen and oxygen electrodes, with a particular emphasis on water
electrolysis conditions. To explore these phenomena, advanced synchrotron-based
spectroscopic techniques are employed, applied under in situ or operando conditions.
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Furthermore, the thesis explores strategies to enhance the electrochemical performance of the
Ni-YSZ hydrogen electrode, particularly through infiltration with various oxide nanoparticles.
This thesis is structured into seven chapters, four of which are dedicated to the presentation and
discussion of original experimental findings. Chapter 1 provides a comprehensive literature
review, establishing the context for the research presented in this thesis. Chapter 2 then offers
an in-depth discussion of the methodologies, experimental techniques, and preparation
procedures employed throughout the study. This chapter covers issues such as the theoretical
background of the techniques, their instrumentation and their applicability to the study the
surface chemistry under water electrolysis conditions. Additionally, it describes the sample
preparation and handling procedures, ensuring reproducibility and accuracy in subsequent
experimental work. This thorough exploration of methodology ensures a solid framework for
understanding and interpreting the experimental results presented in the following chapters.
"In Chapter 3, near-ambient pressure soft and hard X-ray photoelectron spectroscopy is
employed to investigate the interactions between Ni/YSZ electrodes and steam under both
open-circuit and polarization conditions. The cells, consisting of conventional porous Ni/YSZ
cermet cathodes, were specifically adapted to allow direct spectroscopic observation of the
functional electrode region near the YSZ electrolyte interface. The results reveal dynamic
changes in the oxidation state and chemical composition of the Ni/YSZ electrodes in H> and
H2O atmospheres. These findings provide essential insights into the surface chemistry of
Ni/YSZ electrodes under conditions relevant to H.O electrolysis, shedding light on their
influence on the cell's electrochemical performance.

In Chapter 4, Ce-based nanoparticles were introduced to modify the surface of Ni/YSZ
electrodes, building on previously developed methodologies within the group for nanoparticle
synthesis and infiltration. Two types of nanoparticles were synthesized, differing in
agglomeration tendencies, liquid-phase dispersion, and particle size. These nanoparticles were
infiltrated into pre-fabricated porous Ni/YSZ electrodes, resulting in a notable enhancement of
H:0 electrolysis performance compared to pristine, non-impregnated samples. By varying the
conditions of nanoparticle infiltration, we identified the optimal nanoparticle loading and
determined which type of nanoparticle provided the greatest benefit for electrolysis
performance. Synchrotron radiation experiments were conducted to characterize the surface
state of both pristine and modified Ni/YSZ electrodes, providing a correlation between surface

modifications and the observed improvements in electrolysis efficiency.
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In Chapter 5, we explore the potential of using oxide nanoparticles with compositions distinct
from those discussed in Chapter 4. Specifically, cobalt-based and vanadium-based
nanoparticles were synthesized and tested. Various synthesis methods were employed to
fabricate vanadium oxide nanoparticles, V-doped Ce nanoparticles, and Co-doped Ce
nanoparticles. However, electrochemical testing following their infiltration into Ni/YSZ
electrodes did not yield promising results for water electrolysis. In the case of Co-doped Ce
nanoparticles, only a slight improvement in electrolysis performance was observed. Potential
reasons for these limited outcomes are thoroughly examined and discussed in detail in this
chapter.

In Chapter 6, we examined the surface states of two types of oxygen electrodes, LSCF and Pr-
GDC, which had been previously tested for electrolysis in a conventional test rig. These
electrodes were analyzed both before and after long-term electrochemical testing, extending up
to 5000 hours. Through meticulous preparation of the electrodes prior to photoemission
measurements, we were able to study both the current-conducting and functional layers of the
electrodes. A key focus of this investigation was the segregation of Sr and Pr, and how these
phenomena are influenced by prolonged electrolysis. The findings offer valuable insights into
the stability and surface chemistry of these oxygen electrodes during extended operation.
Chapter 7 presents the conclusions and perspectives of this thesis, aiming to elucidate the
influence of surface state and the impact of nanoparticle modifications on the performance of
Ni/YSZ electrodes during water electrolysis. The findings highlight significant improvements
in both efficiency and stability following infiltration with Ni-Ce nanoparticles. By integrating
innovative materials design with advanced characterization techniques, this research provides

insights that we expect to be highly relevant for future developments.
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2.1. Cell fabrication

The electrolyte-supported electrochemical Ni/YSZ half-cells (comprising only the cathode and
electrolyte) used in this study were purchased from Kerafol GmbH. The Ni/YSZ electrode
(cathode) consists of three layers screen printed on a 150 pm thick 8 mol-% Y203 stabilized
ZrO2 (8YSZ) electrolyte. The first layer, directly in contact with the electrolyte, has a thickness
of about 5 um and consists only of 8YSZ. On top of this layer is applied the Ni/YSZ catalytic
active layer (functional layer) with a thickness of about 25 pm. The NiO-to-8YSZ ratio of this
layer is about 60 wt-%/40 wt-%. A final NiO/8YSZ (90/40 wt-%) top layer of about 10 um was
added to improve the electrical contact between the cell and the current collector. The half cells
were sintered at 1300 °C, producing a residual porosity of the active layer of about 30 %, as
measured via Hg porosimetry [260]. A Pt electrode (anode) was brushed symmetrically
opposite the Ni/YSZ cathode electrode using platinum paste (Pt ink 5542-DG, ESL). Following
the application of the Pt electrode, the cells were allowed to dry for approximately 30 minutes
at 100 “C and subsequently fired in air at 980 °C for 10 minutes which produces a dense Pt
electrode with thickness of about 3 um, estimated by cross section SEM imaging, as illustrated
in Figure 2.1. [268].

Chapter 4 provides a detailed description of the synthesis of nanoparticles used in the infiltration

process, as well as the infiltration procedure itself.

NiO/YSZ (WE)

YSZ (Electrolyte)

R R R T S AR S .‘unu_‘,'"Bt-u WL TN hairn, B 2 DA

Figure 2.1 Photographs of a) NiO/YSZ cathode (WE) infiltrated with 40 pL NiCeOx NPs; and
b) Pt anode (CE) for the NiO/YSZ//YSZ//Pt cell, ¢) cross-sectional SEM image of
NiO/YSZ//YSZ//Pt.
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The oxygen electrodes examined in this thesis were part of electrochemical cells provided by
Dr. Jérome Laurencin’s research group at Université Grenoble Alpes (CEA, Liten, DTCH,
38000, Grenoble, France) and fabricated at CEA Le Ripault. The cells were hydrogen electrode-
supported, featuring a Ni-YSZ composite porous Haz electrode composed of two layers, with a
total thickness of approximately 300 um (as illustrated in Figure 2.2). The electrolyte is
Yo.16Zr08401.92 (8YSZ), with a thickness of about 8 um. The Oz electrode consists of two layers:
the top layer serves as the current collecting layer (CCL), while the layer beneath it, closer to
the electrolyte, is designated as the functional layer (FL). Additionally, a 3 um thick porous
GDC barrier layer (BL) was deposited between the Oz electrode and the YSZ electrolyte, as
shown in the cross-sectional SEM image of the cell in Figure 2.2.

H, electrode  ysz O, electrode
- L >

GDC

LSCF/GDC
TSV LISCE T

Figure 2.2 A cross-sectional SEM image of the perovskite LSCF cell was analyzed. Image
provided by CEA, Liten.

2.2. ICPEES laboratory-based setups used for electrochemistry studies

The electrochemical performance of the cells with Ni/YSZ electrodes was examined using two
custom-made laboratory setup, acting as electrochemical test rigs. All electrochemical
measurements refereeing to the lab tests were conducted with a computer-controlled

VersaSTATS3 potentiostat/galvanostat (AMETEK Scientific Instruments).

2.2.1. Flow through variable pressure reactor for quasi in situ XPS measurements and

H>O electrochemical experiments

Part of the electrochemical experiments were conducted in a laboratory flow reactor integrated
into an in-house ultra-high vacuum (UHV) system. Samples were processed within the reactor

and then transferred under vacuum to the analysis chamber of the spectrometer, where surface

85
J. Zhang, PhD thesis



Chapter 2. Materials and Experimental Techniques

characterization was primarily performed using XPS. This type of experiment is referred to as
'quasi in situ XPS experiments' in the following sections.

As shown in Figure 2.3, the aforementioned UHV system consists of four chambers: 1) the main
chamber, which is the UHV analysis chamber (base pressure 1x10” mbar), equipped with a
VSW Class WA hemispherical electron analyzer (150 mm radius), a monochromatic Al Ka X-
ray source (hv = 1486.6 eV), and a dual anode X-ray source; ii) a preparation chamber with a
base pressure of 10" mbar; iii) a load-and-lock chamber for quick sample introduction; and iv)

the variable pressure reaction chamber for electrochemical and gas treatment experiments

operating over a pressure range of five orders of magnitude, from 0.01 mbar to 1.0 bar.

Spectrum

UHV chamber

Analysis chamber

Figure 2.3 a) Flow through reactor and a heated cell on holder; b) Quasi in situ XPS laboratory
setup [269] schematic drawing for the operation process at ICPEES, France.

The electrochemical cell was mounted directly onto a BN heater (Omnivac) using two stainless
steel clamps. Gold mesh grids were employed as contact points for the current collectors on
both the cathode and anode sides. The temperature was controlled by a K-type thermocouple,
which was positioned on the side of the heater, as shown in Figure 2.3a. The gas flow into the
reaction chamber was regulated by calibrated mass flow controllers, and the products were
monitored using an online quadrupole mass spectrometer (Pfeiffer PRISMA, QMS). The
electrochemical tests were carried out in the reaction chamber of the quasi in situ X-ray

photoelectron spectroscopy (XPS) system (Figure 2.3b).

2.2.2. Second Flow-Through Reactor Designed for Fast Sample Introduction
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The second flow-through reactor, self-assembled in our laboratory (Figure 2.4), was utilized for
some of the electrochemical experiments. This system is designed for conducting H>O
electrolysis tests under low-pressure conditions in flow mode, similar to the first reactor, but it
lacks the capability for quasi in situ XPS measurements. However, it features a more robust and
efficient heating system using infrared lamp, along with superior control over cell mounting
and testing conditions compared to the reactor connected to the UHV system. It consists of a
cylindrical stainless-steel chamber, with a gas inlet connected to a mass flow controller, gauge
CMR 362, and control unit TPG 362 (Pfeiffer Vacuum) for pressure measurements. The outlet
is linked to an online quadrupole mass spectrometer (Pfeiffer PRISMA, QMS), followed by a

vacuum pipeline equipped with a valve and a dry scroll vacuum pump IDP-15 (Agilent).

Figure 2.5 a) Infra-red lamp 64635 HLX, Halogen lamps with reflector MR 16; temperature at
the focal point, approximately 1300 °C; b) The two-electrode configuration connection sample

holder containing Au grid current collectors and a thermocouple in the setup.

The electrochemical cell is secured to a quartz sample holder using two stainless steel clips, and

an infrared lamp (Ostram 64635 HLX, 150W, 15V, temperature at the focal point
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approximately 1300 °C) positioned behind the sample for heating (Figure 2.5a and b). The
sample holder is mounted on a manipulator that allows multi-directional and multi-angle
movement, ensuring precise positioning of the sample in the focal point of the infrared lamp,
which is critical for efficient heating.

Two gold grids serve as the current collectors on both the cathode and anode sides. These
collectors are connected to an electrochemical workstation through gold wires, which are
insulated by ceramic rings and linked to a 6-way UHV connector. Temperature regulation is
handled by a PID controller, and the temperature readings are obtained from a thermocouple
installed on the ceramic sample holder near the sample. Unless otherwise specified, this reactor

is also used for the gas treatment experiments discussed in the study.
2.3. In-situ Near-Ambient Pressure spectroscopy (NAP-XPS)

While XPS is one of the most powerful spectroscopic techniques for obtaining chemical
information from solid surfaces, conventional XPS instruments require ultra-high vacuum
(UHV) conditions (below 10 mbar). This is essential to prevent both degradation of the
instrument due to air oxidation and photoelectron scattering by gas molecules above the sample.
However, UHV environments differ significantly from the conditions in which materials
typically operate in real-world applications. To overcome this limitation, a new type of XPS
systems has been developed over the past two decades, enabling in situ and operando
measurements of catalysts and electrocatalysts in gaseous environments at pressures in the mbar
range. Known as environmental XPS or near-ambient pressure XPS (NAP-XPS), these systems
have expanded the possibilities for studying dynamic surface processes and correlating them
with catalytic and electrocatalytic performance.

In NAP-XPS, electron attenuation caused by scattering with gas molecules is minimized by
shortening the distance photoelectrons travel through the gas phase above the sample, i.e., the
distance between the sample surface and the entrance to the analyzer lens. This is achieved by
positioning the sample in close proximity to a differentially-pumped aperture, which serves as
the entrance to the electrostatic lenses of the analyzer, as shown in Figure 2.6. This
configuration allows operation at pressures up to 130 mbar, or even higher [270]. As shown in
Panel A, the simplest setup includes two or more pumping stages located between the sample
and the electron analyzer lens. This straightforward design requires no modification of the lens
system, and the differential pumping stages can be easily added. However, this configuration

results in significant electron defocusing within the lenses, limiting detection efficiency.
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To address this issue, an improved design integrates differential pumping directly into the
electrostatic lens system [271], as shown in Panel B, which is used at the ISISS and HIPPIE
beamlines of the BESSY II and MAX IV synchrotrons, respectively. This design achieves a
pressure differential of 8 orders of magnitude between the analysis chamber and the
hemispherical analyzer, significantly enhancing the detection efficiency of photoelectrons by
several orders of magnitude. Modern NAP-XPS instruments exclusively utilize the principles

depicted in Panel B.
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Figure 2.6. Schemes of differential pumping systems used in NAP-XPS. Panel A represents a
standard analyzer lens with a set of pumping apertures in front of it, while Panel B shows the
principle used at ISISS beamline of BESSY II synchrotron with a differentially-pumped lens
system. Reproduced with permission [272]. Copyright 2013, the RSC.

In this thesis, the NAP-XPS technique plays a crucial role in in elucidating the relationship
between the oxidation state of nickel-based electrode surfaces and their electrocatalytic
performance in H2O electrolysis. NAP-XPS measurements presented in the thesis were
conducted at the HZB/BESSY II (Berlin, Germany) and MAX IV (Lund, Sweden) third-
generation synchrotron facilities. The unique properties of synchrotron radiation— including
its broad tunable energy range, high brightness, and high photon flux —were essential for these
experiments [273,274]. Details on the beamline configurations, instrumentation, and

measurement conditions are provided in the following sections.
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2.3.1. NAP-XPS facilities at ISSIS and CAT@EMIL beamlines at HZB/BESSY 11

This thesis presents NAP-XPS experiments conducted at the ISISS and CAT@EMIL beamlines
at the BESSY II synchrotron radiation facility of the Helmholtz Zentrum, Berlin (HZB/BESSY
I1), schematically shown in Figure 2.7a. The ISISS (In Situ Spectroscopy Innovation Station)
beamline, constructed and operated by the Inorganic Chemistry Department at the Fritz Haber
Institute in Berlin is a bending magnet beamline, optimized to provide high photon fluxes in
the energy range between 400 and 1600 eV. The CAT branch of the dual-colour Energy
Materials In-Situ Laboratory (EMIL) beamline (CAT@EMIL) provides access to both soft and
hard (in the case of this thesis 4.9 keV, which is in the border between hard and tender X-ray
regime) X-ray radiation (Figure 2.7b). The CAT@EMIL beamline (Figure 2.7b) is a unique
synchrotron source, offering an exceptionally wide and continuous photon energy range that
spans from the soft X-ray region to the tender X-ray region, all combined into a single focal
point. Both the ISIS and CAT@EMIL beamlines utilize the same type of NAP-XPS end station,
equipped with on-site infrastructure designed to support experiments with a chemical

orientation.

a)

SISSY 1 & 1
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-
Figure 2.7. a) A three-dimensional schematic of the HZB/BESSY synchrotron facility and the
ISISS Beamline, Image from HZB / Ela Strickert, licensed under CC BY 4.0; b) A schematic
representation of the EMIL beamline, Image from HZB Energy Materials In-Situ Laboratory
Berlin (EMIL), licensed under CC BY 4.0.

Both end stations are equipped with a Phoibos 150 electron analyzer (SPECS), with a 2D-
CMOS detector from Surface Concept. A nano-thick silicon nitride window separates the beam
from the analysis chamber. The mechanical stability of the window is adequate to withstand the
high-pressure difference between the chamber and the beamline. The electrochemical cell is
mounted on a stainless-steel plate using stainless steel clamps, with gold wires functioning as
current collectors, as shown in Figure 2.8b. Infrared laser heating is applied from the rear, while
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the temperature at the center of the working electrode is monitored by a calibrated pyrometer.
The sample holder manipulator allows for manual movement and can be precisely positioned

with high accuracy (within a few microns) at the nozzle of the analyzer lenses (see Figure 2.8c¢).
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Figure 2.8. a) A schematic diagram illustrating the in-situ NAP-XPS setup under
electrochemical gas-phase conditions. Reproduced with permission [275]. Copyright 2019, the
RSC. b) A schematic representation of the experimental setup. Reproduced with permission
[276].Copyright 2018, Springer; ¢) The photograph shows the sample holder mounted on the
manipulator, positioned near the nozzle of the analyzer lenses. The light-yellow color observed
is caused by laser heating from behind the sample. However, the colors are not accurate, as they

are altered by the laser protection window filter.

Calibrated mass flow controllers are used for the introduction of the gasses into the NAP-XPS
chamber. The gas phase composition in the analysis chamber is continuously monitored using
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an online quadrupole mass spectrometer (QMS, Prisma, Pfeiffer Vacuum, Inc., Germany). The
working electrode is grounded to prevent the sample from becoming charged, while a bias
voltage is applied to the counter electrode. For the XPS measurements conducted at the ISISS
beamline, both survey and core-level spectra are collected with a pass energy of 50 eV. Depth-
resolved measurements of the Ce 3d and Ni 2p spectra are performed using photon energies of
1065 eV and 4900 eV, corresponding to analysis depths of approximately 1.6 nm and 12.1 nm,

respectively.
2.3.2. MAX IV-HIPPIE Beamline

HIPPIE is a soft X-ray beamline on the 3 GeV electron storage ring at the MAX IV synchrotron.
It operates within a photon energy range of 250 to 2200 eV, offering one of the highest photon
fluxes in this range along with exceptional resolving power. It is an elliptically polarizing
undulator beamline and its endstation is equipped with a NAP-XPS setup (Figure 2.9), enabling
measurements of solid samples in the presence of a gaseous atmosphere. The gas inlet system
allows the introduction of up to eight gases and vaporized liquids, with real-time analysis of the
inlet and outlet gas composition via online mass spectrometry [277]. This analysis chamber
features a cell-in-cell configuration that allows for precise control of pressure and gas flow
conditions during measurements. This is also the main difference with the BESSYII systems
which were using a backfilling cell configuration [278]. The cell, referring to the chamber
where the sample is placed, is retractable. The surrounding analysis chamber can maintain a
pressure below 1077 mbar, even when the cell itself contains up to approximately 5 mbar of gas.
The X-ray beam from the undulator source enters the cell through an X-ray window composed
of 200 nm silicon nitride on a silicon frame. Additionally, the cell is equipped with viewports
for a camera and a visible light source, allowing for direct observation during experiments.
The electron energy analyser was a ScientaOmicron HiPP-3, equipped with a differentially
pumped electrostatic lens system, enabling ambient pressure operation at up to 30 mbar with a
0.3 mm nozzle diameter. A special property of the HiPP-3 electron analyser is that spatially
resolved experiments which allows spatial resolution of the analyser up to 8 pm. Gas pumped
thourgh the electron analyzer nozzle was sampled and analyzed using a quadrupole mass
spectrometer (QMS). Samples are mounted on a flag-style sample holder with an on-board
thermocouple connection. Samples are heated using an infrared laser, and their temperature is
monitored with a K-type thermocouple welded to the sample plate. The analysis area in the
photoemission measurements is determined by the beam size of the synchrotron accelerator,
creating a parallelogram with dimensions of 60 pm x 25 pm.
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Figure 2.9. Schematic of the NAP-XPS endstation at HIPPIE beamline in MaxIV
synnchnotron. Reproduced with permission [278], Copyright 2021, Journal of synchrotron

radiation.

2.3.3. XPS data Processing

This section outlines the methods used for fitting the Ni 2p and Ce 3d spectra, along with the
quantitative analysis of the XPS results. The peak fitting of the XPS spectra was performed
using CasaXPS software (CasaXPS vs 2.3.25 PR1.0). The relative amounts of NiO, Ni, CeOz,
and Ce203 were estimated by fitting the overall Ni 2p and Ce 3d spectra into individual
components, utilizing reference peaks corresponding to the pure phases.

2.3.3.1 Ni 2p and Ce 3d peak fitting method

Complex photoemission spectra, such as Ni 2p and Ce 3d, can be fitted using two primary
approaches. The first method involves employing a synthetic line shape formed by a
combination of individual Voigt-type peaks, each corresponding to a photoemission or satellite
peaks [279-282]. To prevent over-interpretation, various constraints should be applied
regarding the intensity ratios and relative positions of each component. For instance, ten
individual peaks are typically necessary for the Ce 3d spectra, which reflect the Ce*" and Ce**
oxidation states [281]. In contrast, 20 components are needed for the Ni® and Ni** states [283],
leading to a total of up to 30 individual peaks required for fitting both the Ni 2p and Ce 3d
spectra. Establishing universal constraints for fitting is challenging, which raises questions

about the reproducibility of the fitting results [284].
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Alternatively, when reference material spectra are available, the overall spectrum can be fitted
more easily by employing a linear combination of predefined peak line shapes (obtained under
identical recording conditions) from the reference components [285]. This latter approach
simplifies the fitting procedure, as it requires a significantly reduced number of peaks. For
instance, only a maximum of four peaks are needed for the Ni 2p and Ce 3d spectra [286], in
contrast to the 30 peaks required by the earlier method.

In the current study, the Ni 2p and Ce 3d spectra were fitted using line shapes recorded in situ
from reference materials subjected to oxidative or reductive treatments. The reference Ni 2p
peak for metallic Ni (Ni”) was measured from a Ni/YSZ sample fully reduced in Hz, while the
NiO peak was obtained under O2 at 400 °C. For the Ce 3d peak, ceria powder samples were
utilized. During the fitting procedure, the full width at half maximum and the energy differences
between various reference peaks were fixed. The absolute binding energy and intensity (area)
of each peak were allowed to vary until the difference between their sum and the experimental
spectrum (residual standard deviation, STD) was minimized, with typical STD values ranging
from 0.8 to 1.6. Background subtraction was carried out using a flexible background shape
based on Cubic Spline Polynomials (spline linear profile), allowing for adaptation to potential
differences in the background profiles between the reference peaks and the spectra of interest.
For example, Figure 2.10 illustrates the fitting results for Ni/YSZ electrodes in a H2O + H2
atmosphere. The Ni 2p peak can be deconvoluted into two components: a sharp Ni 2p3.2 peak
around 853 eV, corresponding to Ni metal, and a broader Ni 2p3/, feature at 856 eV, associated

with Ni oxide [287-289].

Intensity (a.u.)
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Binding Energy (V)

Figure 2.10 A peak fitting example for the estimation of nickel stoichiometry of Ni/YSZ
cathodes via NAP-XPS measurements at 700 °C under Imbar H2O+H2 atmosphere during

electrolysis
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2.3.3.2 Calculation of Ni and Ce oxidation states using XPS spectra

The relative amounts of NiO, Ni, CeOz2, and Ce203 were estimated by deconvoluting the overall
Ni 2p and Ce 3d spectra into individual components, utilizing reference spectra from pure
phases, as mentioned above. The mean valences x and y for cerium and nickel, respectively,

were calculated using the following formulas:

NiO
¥ = Nio + Ni Eq.1

CeO, Ce, 04
y=2x (Ceo2 n C8203> +15x (Ceo2 n Ce203> Eq.2

Where: CeO2, Ce203, NiO and Ni are the areas of each component in the photoelectron

spectrum calculated after the deconvolution procedure.

2.3.3.3 Estimation of the error in the oxidation state

The error associated with the calculation of oxidation states for Ni and Ce comprises both
systematic and random (statistical) errors. The systematic error is mainly linked to the reference
peak profiles, whereas the random error arises from variations in the signal-to-noise ratio across
the spectra and the selection of the background. In this study, systematic errors are effectively
canceled out, as the fitting results are assessed on a comparative basis. The signal-to-noise ratio
for the various Ni 2p and Ce 3d spectra, typically around 40, remains relatively stable.
Consequently, the fitting results' error primarily stems from the selection of the background's
starting and ending points, as well as its shape.

The standard deviation was calculated based on the variation in the areas of NiO, Ni, CeO2, and
Ce20s3 resulting from four different fitting attempts of the same Ni2p and Ce3d spectrum. In
each attempt, the background was chosen slightly differently (while always adhering to rational
criteria), and the four reference spectra were allowed to vary to minimize the standard deviation
(STD) value. Utilizing this method, the STD for the area of each spectral component was
approximately 0.5% across the four fitting attempts. From this figure, an error of about 0.01

was estimated for the calculations of the x and y valences.

2.3.3.4 Quantitative calculations
The surface atomic ratios for nickel based electrodes were calculated based on the intensities

of the XPS spectra using the following equation [274]:
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I(a)
Ar@ _ T5@)f@
Ard) - 1) Eq.3
Cs(b).f(b)
Where 22 is the atomic ratio of elements (a) and (b),

Ar (b)
I the intensities obtained from the XPS spectra for the corresponding element,
f— the energy dependent incident photon flux,

Cs- the photoelectric cross-section for the interested atomic orbital,

Figure 2.11 shows indicative incident photon flux curves as a function of photon energy for

the CAT@EMIL beamline at BESSY II.
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Figure 2.11. Incident photon flux vs photon energy recorded at ISISS beamlines of BESSY II
synchrotron correspondingly. Please note that this graph is given as an indication of the flux in

each energy but the absolute flux between the two beamlines cannot be compared by this graph.
2.4. ESRF-BM23 Beamline for EXAFS and XANES measurements

The X-ray absorption near edge structure (XANES) experiments were conducted at the BM23
beamline of the ESRF synchrotron facility. BM23 is a wiggler beamline optimized for high-
quality EXAFS over a wide energy range of 5~75 keV. The high-intensity beamline enables
investigations of materials at micron depths. The specific arrangement of the sample and

support is illustrated in Figure 2.12.
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Figure 2.12. Photo of XAFS and FTIR analysis chamber and holder, and schematic of X-ray

angle of incidence

2.5. Electrochemical testing techniques (EIS and Chronoamperometry)

2.5.1. Chronoamperometry

Chronoamperometry is an electrochemical technique in which a constant potential (voltage) is
applied to an electrochemical cell, and the resulting current is measured over time. The current
response provides insights into the evolution of the oxidation state of the electrode materials
and clearly indicates degradation phenomena, evidenced by an increasing current. NAP-XPS
measurements in synchrotron facilities and most of the performance tests of H20 electrolysis
were conducted under constant applied voltages between the working and counter electrodes.

These measurements will be discussed in more detail in Chapters 4 and 5.
2.5.2. Electrochemical Impedance Spectroscopy (EIS)

Electrochemical impedance spectroscopy (EIS) is a widely used technique for characterizing
battery changes and understanding the electrochemical behavior of batteries. This method has
previously enhanced our understanding of the state of charge (SOC) during fuel cell operation
[290,291]. The resistance of electrochemical cells is influenced by various processes, which
may include the gas transport of reactants and products, charge transfer reactions at the three-
phase boundary (TPB), gas conversion, and both electronic and ionic conduction within the
electrodes and electrolyte. These processes typically exhibit different time constants and occur
over distinct timescales, allowing the application of alternating current (AC) impedance to
provide detailed information about them and their contributions to the overall resistance.
Because AC can be generated at a range of frequencies, it offers a means to probe these

processes using various time constants [292].
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AC impedance is typically obtained by applying a small AC voltage superimposed on a DC
voltage and then measuring the current flowing through the battery. The applied AC voltage is
kept sufficiently small (~10 mV) to avoid affecting the steady-state conditions, ensuring a near-
linear AC current response to the sinusoidal potential. The resulting impedance spectra are often
fitted to an equivalent electrical model, serving as an electrical fingerprint of the sample and
providing insights into its properties and behavior. EIS is fundamentally conducted as follows:
in one of its two configurations, known as “potentiostat EIS,” a sine-wave voltage (as
represented in Eq. 4) is applied to the sample under investigation, and the induced current is
measured (as shown in Eq. 5). The complex impedance is then calculated according to Eq. 6
[293].

V(t) =V + V- sin(wt) Eq.4
1(t) = T+ I-sin(wt + @) Eq.5
V(jw |4 . )
Z(jw) = % = T-e‘fg = |Z| - eJ4T9@ Eq.6

=Re(z) +j-Im(Z)

In this context, ¥ and [ denote the amplitudes of voltage and current, respectively; V and T
represent the voltage and direct current (DC) values; fis the signal frequency; w =2 f indicates
the angular frequency; ¢ is the phase difference between V(t) and I(t); and V (jw) and I (jw)
are the Steinmetz transforms of V(t) and I(t), respectively. In the alternate version of EIS,
termed “galvanostat EIS,” the sample is excited with a sine-wave current while the resulting
voltage drop is measured, with the impedance still expressed by (Eq. 6). Generally, the
investigations using either potentiostat EIS or galvanostat EIS yield equivalent results, with the
optimal choice depending on application-specific conditions.

The impedance Z(jw) is defined for linear time-invariant systems, which exhibit three key
conditions: (a) linearity, (b) stability, and (c) causality. However, electrochemical systems often
demonstrate nonlinear behavior; thus, to minimize excessive perturbations to the sample under
test (SUT), small values of V (typically ranging from 10 to 100 mV) are utilized to operate
within a pseudo-linear region where Z(jw) is independent of V7.

Nyquist and Bode plots are commonly employed to illustrate impedance spectra. The Nyquist
plot (complex plane plot) displays experimental data points Zre and Zim measured at various
frequencies, with each point representing the real and imaginary components of impedance at

a specific frequency. On the complex plane, the real part of the impedance Zre is plotted on the
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x-axis, while the imaginary part Zim is represented on the y-axis; an example of this plot can

be seen in Figure 2.13.
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Figure 2.13. Examples of impedance graphs of Ni/YSZ measured at different temperatures, gas

condition: 1mbar H2O+Hz, applied voltage: 2.5V
2.5.3. Chronoamperometry and EIS normalization

This section outlines the normalization procedure applied to the electrochemical measurements,
specifically Chronoamperometry and EIS, utilized throughout this thesis. The same procedure
was implemented for both Ni/YSZ//YSZ//Pt and modified Ni/YSZ//YSZ//Pt electrochemical
cells. In the normalization process for the Nyquist plot obtained from Potentiostatic EIS
measurements and chronoamperometry, the surface area of the working electrodes (WE) was
taken into account. Simple formulas Eq.7, Eq.8, and Eq.9 were employed to normalize the plots

and current density / (mA/cm?). A representative example can be seen in Figure 2.14.

Zre (Ohm.cm?) = Zre x WE surface area Eq.7
Zim (Ohm.cm?) = |Zim| * WE surface area Eq.8
Current Ea.9
WE surface area 4
200
25 (a) (b) 0 ref0.5V
= Ni/YSZ reference cell 15V o O reflov
20 150 oo o A refls5V
% a® °
2;15 é 100 % e
H E o b
g A o “o
S 10 50
1.0V
5 05V es—— o
L] 0
0 200 400 600 800 0 100 200 300
Time (s) Zre (ohms)

Figure 2.14. a) Current density and b) Nyquist plot after normalization over Ni/YSZ//YSZ//Pt
cell under 1mbar H20O electrolysis at 700 °C at the second flow through laboratory setup
(ICPEES, France).
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2.6. Estimation of potential curves between NiCeOx NPs and CeQOy NPs in hexane

According to the DLVO theory [294-296], the total interaction force Viy,:q; between two
particles that are coated with an organic protective layer is the sum of the van der Waals
attraction V4, and the total steric repulsive forces, which include osmotic V,,, and elastic
Ve1qs cOmponents.

Vrotat = Vvaw t+ Vosm + Veias Eq.10
Osmotic repulsion arises from the energetic balance between solvent-ligand tail interactions
and tail-tail interactions, while elastic repulsion is a result of the entropy loss associated with
the compression of stabilizing ligands. Dispersion stability is primarily governed by the osmotic
term, which becomes effective once the ligands begin to overlap. In contrast, the elastic term
has little impact on V.4 until the ligands are subjected to compression. The van der Waals

attraction V,,4y, can be calculated using Equation 11:

Al 2r? 2r? d? — 4r?
VvdW=—g W+?+ln T Eq11

A is Hamaker constant of cerium nanoparticle in the hexane (3.5x107%°])[297], r is
nanoparticles radius, d is center-to-center separation distance between two nanoparticle cores.
According to Vincent et al., [294,295,298], V, s, results from the energetic balance between

solvent-ligand tail and tail-tail interactions, which was estimated as following:

4nrksT . /1 d —2r\*
= (Z)Z(E—)()(l— ) (I<d-2r<2l Eq.12

osm
Vhexane

E_X

osm

_ 4rrkgT 22 (1 )

p(d=2r L @42 d—2r<l) Eq.13
21 4 ”( 2 ) (d=2r<D) T

Vhexane
kg is Boltzmann’s constant, Vjexane 15 the molecular volume of the solvent hexane, @ is the

volume fraction profile of the organic species surrounded nanoparticle (oleylamine) (@ = 1 —

r3

m), [ is oleylamine length ~2 nm, and y is the Flory-Huggins interaction parameter, which

is written as the follows [298]:

Unp 5
X= ;x;ne (5hexane - 5oleylamine) + 0.34 Eq.14
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Here, R is gas constant, T is the temperature (298 K), Snexane (14.9MPa'’?) and Soteylamine
(16.6MPa'”?) are the solubility parameters of hexane and oleylamine, respectively. Vpoxane 1S
calculated to be 2.17x102® m3. By using eq.14 y parameter is calculated to be 0.49.

The elastic repulsionV,,,¢ originates from the entropy loss that occurs upon compression of the

organic species oleylamine, namely, in the range of d — 2r < L.

2mrkgTI20 ; 3 —x\? 3—x
Vs = 87 L PPoleytamine {xln [x( - ) ]—6111( - )+3(1—x)} (d—2r < 1) Eq.15

Moleylamine
d—2r
l

where, poreyiamine and Mooy 1amine T€Present the oleylamine density and molecular weight,

x = Eqg.16

respectively.
In this study, the basic parameters of the nanoparticles we used are shown in Table 2.1.
Table 2.1. The parameters for the calculation of the potential curves of NiCeOx and CeOy NPs

in organic solution.

NiCeOx NPs CeOy NPs

r (nm)* 3.8 4.8
l (nm) 2 2
1) 0.72 0.65

*Nanoparticle radius values r are taken from XRD results of pristine cerium-based

nanoparticles in Chapter 4.
2.7. Ex-situ Material Characterization

Pristine and post-mortem electrochemical cells have been characterized ex-situ using methods

described in the following subsections.
2.7.1. X-ray Diffraction

The phase composition of the catalyst powders and electrodes was analyzed using X-ray
powder diffraction (XRD) on a Bruker D8 Advance diffractometer equipped with a Cu source.
For the pristine ceria NPs analysis, the hexane solution was drop-cast onto an amorphous glass
substrate and allowed to air-dry. Reference data were obtained from the International Centre
for Diffraction Data (ICDD) database. The XRD patterns were recorded over the 20-80° (20)

range, with a scan step of 0.02°.
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2.7.2. Scanning Electron Microscopy and Energy-Dispersive X-ray Spectroscopy

The SEM instrument used in chapter 3 is Zeiss Gemini SEM 500 with a lattice resolution of 1
nm. The measurements were done by Dr T. Dintzer (ICPEES, France). Energy dispersive X-
ray spectroscopy (EDXS) was combined with the SEM images to resolve the different elements

at the surface of the electrodes.
2.7.3. FTIR spectroscopy

FTIR spectra of nanoparticle organic solution were obtained by using a PerkinElmer infrared
spectrometer model Spectrum 1000. Spectra were taken using 0.5 cm™! resolution and 30 scans

for statistical averaging.
2.7.4. Thermogravimetric analysis (TGA)

The TGA tests of nanoparticle organic solutions were conducted on a thermal analyzer at 10
°C/min with the flow rate of air (99.99%) at 20 ml/min via using Q 5000IR from TA

Instruments.
2.7.5. Dynamic Light Scattering (DLS)

The hydrodynamic particle size analysis was performed using Litesizer™ 500 Particle Analyzer
(Anton Paar) by DLS (Dynamic Light Scattering) method (ECPM, France). Nanoparticle
solution was diluted and then sonicated in a bath sonicator for 10min. Particle size measurement

was carried out at room temperature (25 °C) and laser wavelength of 660 nm.
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3.1. Introduction

The substantial increase in the utilization of renewable energy as a substitute of fossil fuels
represents a key pathway toward global carbon neutrality. This emphasizes the necessity of
advancing energy storage technologies to address the intermittent nature of renewable energy
sources [299]. Hydrogen emerges as an alternative energy vector to fossil fuels and seems
capable of mitigating the environmental concerns associated with traditional energy sources,
offering a cleaner and more sustainable solution for the future when compared to fossil fuels.
One of the most promising approaches for hydrogen production is water electrolysis by the
utilization of surplus electricity from renewable sources and industrial waste heat, offering dual
benefits of energy storage and low carbon emissions. Solid Oxide Electrolysis Cells (SOECs)
have several advantages over other more-established electrolysis technologies such as alkaline
or Proton Exchange Membrane (PEM) cells, including higher Faradaic efficiency, faster
reaction kinetics and lower electrical power consumption [300,301]. On the downside, one of
the main challenges impeding the widespread adoption of SOEC technology, is the relatively
rapid degradation rate associated with the poor long-term durability of the SOEC components
at elevated temperatures. Therefore, efforts are ongoing to develop advanced materials and
designs for SOECs with improved efficiency and durability [302,303]. SOECs are composed
of a dense electrolyte sandwiched between two porous electrodes. Electroreduction of H2O take
place in the fuel electrode (cathode), while oxygen is produced at the air electrode (anode).

While progress has been made in synthesis of novel electrode materials [300,304,305], Ni
composites with yttria-stabilized zirconia (YSZ) remain the dominant choice for the cathode
electrode (or fuel electrode) in industrial applications [301]. This is because of the low cost,
high electronic conductivity, and thermal compatibility of Ni/YSZ with the other cell
components [302]. Typically, cells with Ni/YSZ cathode electrodes exhibit good initial
performance, but they are prone to progressive deactivation during long-term electrolysis
operation [306]. This behavior has been associated to three main degradation mechanisms
[301]. The first is related to microstructural changes, including the restructuring of the
cathode/electrolyte interface [307] and the coarsening and migration of nickel particles away
from the interface with YSZ [308]. The second involves impurities, such as silicon or
chromium, which are deposited on the electrode and block the electrochemical active sites.
Common sources of impurities are interconnects and glass sealant, while they might also derive

from the raw materials via surface segregation. Finally, degradation of Ni/YSZ electrodes may
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involve nickel oxidation, particularly when operating under high steam content in the cathode
compartment or in the event of seal leakage [309,310].

The two first factors leading to degradation are irreversible and can be readily identified through
post-mortem characterization of the cells using microscopy techniques combined with
elemental analysis such as Energy Dispersive X-ray Spectroscopy [311,312]. On the contrary,
detecting nickel oxidation or hydroxylation with post-mortem analysis proves to be
considerably more challenging, particularly when seeking detailed information about the initial
stages of surface oxidation. This is because nickel is susceptible to oxidation when transferring
the sample from the reactor to the spectrometer or microscope. Moreover, post-mortem analysis
cannot establish a direct correlation between the electrode's morphological characteristics and
the electrochemical performance of the cell. Hence, there is a growing effort to characterize
Ni/YSZ electrodes under in situ or operando conditions. In situ analysis typically involves
characterizing samples under gas and temperature conditions relevant to electrolysis, whereas
under operando measurements the cathode is polarized and the electrical and gas phase
responses are monitored as well [313].

As recently summarized by Jeangros et al., various techniques have been employed under in
situ or operando conditions to provide insights into the crystallographic properties,
microstructural characteristics and chemical state of Ni/YSZ electrodes [314]. Among them,
microscopy and surface sensitive spectroscopy are particularly insightful, as they have the
capability to reveal fine details of the electrodes at the nanometer scale. Environmental
transmission electron and scanning probe microscopies (TEM and SPM respectively) have
enabled in situ detailed investigations of the reduction and reoxidation of Ni/YSZ electrodes
under few mbar of reactive gas atmospheres [315-321]. However, with only few exceptions
[314,315], it turns out to be very challenging to perform microscopy experiments with samples
under electrical polarization [322]. On the contrary, several studies exist examining the surface
state of solid oxide cell electrodes under operational electrochemical conditions using Near
Ambient Pressure Photoelectron Spectroscopy (NAP-XPS) [313,323]. Among them, the
number of operando NAP-XPS studies focusing on Ni/YSZ electrodes show an inverse
relationship with the widespread utilization of this electrode in practical applications [324—
326]. Furthermore, conducting NAP-XPS experiments using higher energy photons (ranging
between 2 and 10 keV), known as Hard X-ray Photoemission Spectroscopy (HAXPES),
presents the opportunity to significantly enhance the analysis depth of the technique [327-330].
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This enables investigations of samples under considerably higher gas pressure or exploration
of buried liquid/solid interfaces.

In the present study, we employ synchrotron-based NAP-XPS and NAP- HAXPES techniques
to investigate the surface and subsurface characteristics of Ni/YSZ electrodes during both open
circuit and polarization conditions. The spectroscopic results are combined with the online gas
phase analysis and electrochemical characterization of the cell, allowing the correlation of
surface chemical states with electrocatalytic performance.

This chapter is based on the article: J. Zhang, M. Barreau, T. Dintzer, M. Haevecker, D.
Teschner, A. Efimenko, W. Luo, S. Zafeiratos, Unveiling Key Interface Characteristics of
Ni/Yttria-Stabilized Zirconia Solid Oxide Cell Electrodes in H20 Electroreduction Using
Operando X-ray Photoelectron Spectroscopy, ACS Appl. Mater. Interfaces, 2024, 16, 29,
37915-37926.

3.2. Experiments and methods

3.2.1. Cell fabrication

Commercially available electrolyte-supported Ni/YSZ half-cells obtained from Kerafol GmbH
were employed in this study as depicted in section 2.1. A Pt electrode (anode) was brushed
symmetrically opposite the Ni/YSZ cathode electrode using platinum paste to produces a Pt

anode.
3.2.2. Ex-situ characterization

Scanning electron microscopy (SEM) measurements were conducted utilizing a Zeiss
GeminiSEM 500 microscope. The samples were attached to the sample holder by using a
double-sided carbon tape. The X-ray diffraction (XRD) patterns were recorded with a Bruker
D8 advance diffractometer operating at 40 kV and 40 mA using Cu Ka X-ray source.

3.2.3. Synchrotron-based operando photoemission and absorption experiments

Photoemission experiments were performed at ISISS and CAT@EMIL beamlines at the
synchrotron radiation facility BESSY II of the Helmholtz Zentrum, Berlin [331-333] as
introduced in section 2.3.1.

Spectroscopic experiments were conducted on miniature Ni/YSZ//YSZ//Pt cells (geometric
area around 25 mm?) which were fragmented from an initial button cell with a diameter of 2
cm. A photograph and a schematic representation of the cell mounted on the holder are shown

in Figure 3.1a and 3.1b respectively. The cell was mounted on a sapphire holder with a whole
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at its center allowing direct heating by illuminating the stainless-steel back plate with an IR
laser. The temperature was measured at the center of the working electrode with a calibrated
pyrometer. For the photoemission measurements the working electrode was connected to the
ground, and the voltage was applied to the counter electrode so as the O* ions are moving
towards the Pt counter electrode as shown in Figure 3.1b. This configuration corresponds to a
single chamber electrochemical experiment meaning that both, cathode and anode sides of the

cell are exposed to the H2O/H2 mixture.

YSZ 7

Figure 3.1. (a) Photograph of the NiYSZ//YSZ//Pt cell mounted on the NAP-XPS sample
holder. (b) cross-section schematic of the cell mounted for spectroscopy

Following the introduction to the spectrometer, each sample underwent calcination at 400 °C
in 1 mbar Oz for a duration of 30 minutes, aimed at removing any adventitious carbon species
present on the Ni/YSZ electrode. Electrolysis experiments were performed at constant potential
mode at 750 °C in H20:Hz (9:1) flow and 1 mbar total pressure. The electrochemical
performance was evaluated through chronoamperometry and electrochemical impedance
spectra (EIS) using a computer-controlled potentiostat (SP-300 Potentiostat, BioLogic
Scientific Instruments). The electrical values presented in this article have been normalized to
the geometric area of the cell. The open-source software EISART was used to interpret the EIS
outcomes into DRT (Distribution of Relaxation Times) results [334]. Detailed procedures for
calculating the analytical DRT of common equivalent circuit elements have been documented
by Dierickx et al. in reference [335]. This analysis showed that the peak with the highest
frequency (denoted as P1 below) represents ionic transport in the Ni-YSZ fuel electrode
(cathode) structure; P2 corresponds to the charge transfer reaction in the fuel electrode
(cathode); P3 corresponds to the O2 surface exchange kinetics (occurring on the Pt side); and
the peak with the lowest frequency (P4) corresponds to gas-phase diffusion in the fuel electrode
(cathode). Thus, the relative contribution of the Pt side to DRT plots is minimal compared to

that of N1/YSZ.
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The XPS spectra were subjected to spline Shirley background subtraction and fitted using peak
shapes previously recorded on reference Ni and NiO samples [336], while symmetrical
Gaussian—Lorentzian line shapes were used to fit the Zr 3d and O 1s spectra. In all cases
constrains on the width and the relative binding energy position of the fitting components were
imposed. The binding energies (BE) of the core-level spectra are referred to the Fermi edge cut-
off position, measured using the same photon energy. The accuracy of BE calibration was
estimated to be £0.1 eV.

The presented Ni Ls2-edge soft X-ray absorption (sXAS) spectra were measured in the total
electron yield (TEY) mode at the same instrument, using a Faraday cup installed in the first

aperture of the analyzer electrostatic lenses.

3.3. Result and discussion

3.3.1. Temperature-dependent H>-reduction and H>O-oxidation of Ni/YSZ electrodes

3.3.1.1 Evolution of surface oxidation state and composition

Calcined Ni/YSZ electrodes were exposed to 0.5 mbar Hz at 250 °C and the temperature
subsequently increased in a stepwise manner. Ni 2p and Zr 3d NAP-XPS spectra were acquired
after 15 minutes at each specific temperature. The Ni 2p spectrum was occasionally measured
twice: once at the beginning and again at the end of each temperature step to confirm stability
over time. The evolution of the Ni 2ps» spectra in Hz and subsequently in H2O vapor
atmospheres as a function of temperature is shown in Figure 3.2a. The Ni 2p3.2 peak of oxidized
Ni/YSZ exhibits a broad feature around 856 eV, accompanied by a higher binding energy
satellite both indicative of Ni** nickel species [337,338]. Upon annealing in Hz, a new feature
appears at 852.7 eV indicating the reduction of Ni*" species into metallic Ni (Ni%) [337,338].
To quantify the progress of the reduction with temperature, Ni 2p32 peaks are fitted by linear
combination of Ni® and Ni** reference spectra (Figure 3.3). Figure 3.2b (bottom panel)
illustrates that approximately 90% of Ni*" undergoes reduction within a narrow temperature
range of 325 to 375 °C, leaving 10% of oxidized nickel, which apparently resists to reduction
even at 400 °C. This pattern aligns with the anticipated behavior of NiO reduction by Ha,
characterized by a preceding incubation period that diminishes with increasing temperature.
Subsequent to the initial formation of metallic Ni, the reduction process accelerates due to the
catalytic influence of Ni on Ha reactivity [315]. This can explain the rather rapid NiO reduction
above 325 °C. The observation of 10% unreduced NiO is consistent with previous

environmental TEM studies performed in 1.3 mbar Hz [318,339]. This phenomenon was

108
J. Zhang, PhD thesis



Chapter 3. Unveiling Key Interface Characteristics of Ni/YSZ Solid Oxide Cell Electrodes in H,O Electroreduction using Operando X-ray

Photoelectron Spectroscopy

attributed to the presence of H20 released during the NiO reduction process, which eventually
inhibits the reduction of some NiO grains.

The Ni 2p/Zr 3d peak area ratio (Rnizr) included in the lower panel of Figure 3.2b, decreases
with temperature, reflecting the reduction of surface-exposed nickel. This can be attributed to
volumetric changes and/or possible mass transfer of nickel particles upon reduction.
Specifically, volume shrinkage is expected upon reduction of NiO to Ni, while volume
expansion is anticipated upon re-oxidation [316]. These changes affect the surface area of the
nickel particles and consequently the Rwnizr. Another potential factor contributing to Rnizr
changes is the migration of nickel, either towards or away from the YSZ particles, a process
known as wetting [340,341]. This phenomenon is anticipated to impact the photoemission
signal due to the high surface sensitivity of NAP-XPS technique. The decrease of Rnizr in Ha
aligns with the expected shrinkage of nickel particles upon reduction.

To estimate if the volumetric changes alone can justify the decrease of Rni/z: from 0.85 to 0.67
shown in Figure 3.2b, the Ni 2p peak intensity and consequently Rnizr were calculated using
the simulation of electron spectra for surface analysis (SESSA) software [342]. In the
simulation we use spherical Ni particles and assume that the reduction of NiO to Ni° results in
a Ni volume shrinkage of 40% [316]. The simulation results indicated a drop in Rni/z: from 0.85
to 0.69, independent of the size of the Ni particles, which aligns well with the experimental
findings. Thus, the volumetric change of Ni particles during reduction can account for the
decreased Rniizr. However, in this scenario, the decline in Rnizzr and the reduction of NiO should
occur simultaneously, which is not observed, as depicted in Figure 3.2b. This can be elucidated
by considering the NiO reduction mechanism. As shown before [343]. the transformation of
NiO to Ni occurs through the migration of either O ions or Ni cations towards the surface to
react with Hz. If O anions are the primary diffusing species, the outermost NiO layer would be
reduced, forming a metal-rich shell, and the reduction process would progress inwards.
Conversely, if nickel is the main diffusing species, after reduction it will migrate via defects
and grain boundaries towards the interior of the NiO particle, exposing fresh metal oxide at the
surface. As discussed previously [343]. at temperatures around 500 °C, the diffusion coefficient
of Ni in NiO grain boundaries is much greater compared to that of O into nickel metal, thus
exposing NiO on the surface and rationalizing the observations of Figure 3.2b. The SEM/EDX
mapping micrographs of the electrode surface, measured after reduction (Figure 3.4), reveal

nanoporous nickel particles mixed with YSZ grains. Nanopore formation in nickel particles
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during the reduction of Ni/YSZ cermets has been previously observed and attributed to volume
contraction resulting from the reduction of initially present NiO to nickel.

After the reduction process, the Ni/YSZ electrode was cooled to 250 °C and H2 was replaced
by H20 vapors, subsequently the temperature is raised again for spectra acquisition under H2O
conditions. As shown at the top panel of Figure 3.2a and in Figure 3.5, above 425 °C new
features appear in the Ni 2p3/2 spectra indicating re-oxidation of Ni’ by H20. However, contrary
to reduction by Hz, oxidation by H20 expands in a quite broad temperature range, while at 600
°C (the maximum temperature) around 40 % of nickel remains metallic (Figure 3.2b). The Rni/z:
ratio in this case is rather stable up to 500 °C and exhibits a sudden increase above this
temperature. If one assumes that the changes of Rnizr are exclusively due to the Ni particle
volume changes and do not related to diffusion to and from YSZ particles, the sudden Rni/zr
increase suggests that at 500 °C Ni oxidation proceeds rapidly towards the interior of the
particles. However, it is quite unlikely such important volume changes does not affect at all the
evolution of nickel oxidation at the surface as this is depicted by NAP-XPS. It is therefore
probable that above 500 °C nickel migrates and wets the interface YSZ contributing to Rwi/zr

changes.
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Figure 3.2. (a) The Ni 2p32 NAP-XPS spectra of pre-calcined Ni/YSZ electrodes as a function

of the annealing temperature measured by 1065 eV photon energy under 0.5 mbar Oz, Hz and
H:0. (b) The atomic percentage of the metallic Ni component (%Ni’) to the overall Ni 2p32
spectrum, estimated by peak fitting is shown on the right. The Ni 2p/Zr 3d peak area ratio
normalized to the sensitivity factors and the photon flux. The error of Rnizr and Rninio ratios is

estimated to be £2% and +5% respectively.
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Figure 3.3. Exemplary curve fitting analysis of Ni 2p32 NAP-XPS spectra using peak profiles

"

measured over metallic Ni (Ni’) and NiO reference samples.

Figure 3.4. Characteristic SEM/EDX mapping micrographs of the Ni/YSZ electrode surface

measured after several reduction oxidation cycles.
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Figure 3.5. The Ni 2p32 NAP-XPS spectra of reduced Ni/YSZ electrode heated in 5 mbar

H20. Spectra were measured by 1065 eV photon energy. The graph displays a portion of the

Ni 2p3.2 spectra featured in Figure 2 of the main text, aiding in the observation of the initial

stages of nickel oxidation above 425 °C.
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3.3.1.2 Surface impurities

As highlighted in the introduction, impurities might accumulate at the surface of Ni/YSZ
electrode and influence the electrochemical performance of the cell. The surface sensitivity of
NAP-XPS allows to identify traces of foreign elements present on the Ni/YSZ electrodes, which
holds particular practical interest in this context, as both, the raw materials and the preparation
method of the Ni/YSZ electrode follow well established industrial practices. Figure 3.6a shows
the survey NAP-XPS spectra of the Ni/YSZ electrode measured in Oz, H2 and H20 at the
maximum annealing temperature. The measurements were conducted sequentially, with
exposure durations of 2.5 hours in Oz, 7.5 hours in Hz, and 12.5 hours in H20. As anticipated,

photoemission and Auger peaks originating from Ni, Zr, Y, and O are consistently observed.
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Figure 3.6. (a) Survey spectra of Ni/YSZ electrode measured by 1320 eV photon energy in 0.5
mbar Oz, H2 and H20O at the temperatures indicated in the graph. The photoemission and Auger
peaks associated to Ni/YSZ and impurities are identified. (b) The atomic concentration (at. %)
of the surface elements calculated from the photoemission peaks assuming homogenous
distribution within NAP-XPS analysis depth. The quantitative calculations rely on
photoemission peaks with comparable kinetic energies (approximately 180 eV) to compensate
for the attenuation of photoelectrons caused by the gas phase. The error in at.% is estimated
around 10% and related to the uncertainties in the flux curves, the atomic sensitivity factors and

the photoemission peak areas.

In addition, C, Si and Fe (only for H2O-treated sample) were also detected. Carbon can originate

either from adventitious carbon due to prior exposure to air [344] or be generated in situ from
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hydrocarbon residues in the NAP-XPS analysis chamber. Silicon impurities has been reported
in prior NAP-XPS studies. Their source has been attributed to thermal segregation of bulk
impurities to the surface or to gas-mediated transport resulting from the formation of volatile

silica species in the NAP-XPS chamber[345,346].

Although the detection of carbon and silicon-based impurities may not come as a surprise, the
presence of iron on the H2O-treated electrode is somewhat unexpected. Chromium evaporation
from the stainless-steel interconnects is known as a reason for the long-term degradation of the
Ni-YSZ solid oxide cells [347], however in our case iron instead of chromium is detected. Iron
is a known impurity in commercial KOH solutions [348], but to the best of our knowledge, it
does not exist in Milli-Q water, nor has it been reported in solid oxide cell electrolysis
experiments before. The most probable source of iron is the stainless-steel plates used to support
and fix the Ni/YSZ sample on the holder (Figure 3.1a), and the deposition of iron may proceed
via the formation of volatile iron hydroxide species. Please note that the Ni/YSZ is heated by
contact with the laser beam illuminated stainless steel back plate, therefore it is expected that
the latter is at temperatures significantly higher than that of the sample (i.e. 600 °C). Although
the evolution of iron with time was not studied here, the long-term exposure to H2O vapours

(more than 12 hours) is expected to affect the accumulation of iron on the sample.

The surface atomic concentration is calculated from the photoelectron peak intensities assuming
homogenous distribution of all elements within the NAP-XPS analysis depth (about 1.6 nm).
As shown in Figure 3.6b, the amount of surface carbon is greatly enhanced in Hz, while silicon
and iron impurities reach a maximum in H20 of 6.0 and 5.1 at.%, respectively. It is also
interesting to note that the at.% of Y in respect to Zr remains practically stable (around 1141%)
which excludes yttrium segregation from the YSZ lattice previously observed [349] and

confirm the thermal stability of YSZ under the employed conditions.

3.3.2. Operando photoemission measurements of Ni/YSZ electrode during H:0

electrolysis

3.3.2.1 Measurements in the functional and conduction electrode layer regions

As mentioned in the experimental, the top part of the cathode electrode was composed by a
Ni/YSZ layer with the high nickel content serving as the electron conduction layer. Aiming to
access through photoemission experiments the electrode region proximal to the YSZ
electrolyte—commonly regarded as the electrochemically active area [350]—the upper section

of the electrode in regions situated at the center of the miniature cell was removed through
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mechanical scraping. To ensure consistency, a single trained operator conducted the process
following a standardized protocol. Figure 3.7 combines SEM micrographs taken from different
parts of the cell. Aside from the YSZ electrolyte and the Pt counter electrode areas, Figure 3.7
shows regions where the upper section of the Ni/YSZ electrode is scraped off (referred to as
"inner"), along with sections where the electrode remains intact (referred to as "top"). The
position of photoemission measurements was aligned to the inner electrode area with the
assistance of a laser beam illuminating the measurement spot. Apart from the visual
verification, the inner and top electrode areas (functional and conduction layers) can be
distinguished by their difference in the electrode composition containing 60 and 90% Ni,

respectively.

Cathode-side

scraped off areas

Anode-side

Figure 3.7. SEM micrographs of cross-section views of the Ni/YSZ//YSZ//Pt miniature cells
used in the NAP-XPS experiments. The top section depicts the cathode side of the cell (i.e.,
Ni/YSZ electrode), illustrating areas where the Ni/YSZ functional layer remains intact (on the
right side) and where it has been scraped off (on the left and middle sections). The SEM
micrograph at the bottom corresponds to the anode electrode side, which comprises a thin Pt

layer.

Figure 3.8a and 3.8b shows the Ni 2p and Zr 3d spectra respectively, obtained in inner and top
electrode regions with the cell under electrolysis conditions (Vw-c =2.5 V, 1 mbar H20 at 750
°C). The atomic percentage of Ni at each measurement spot, calculated from the Ni 2p and Zr

3d spectra, reveals a significantly lower Ni concentration in the inner section compared to the
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top part of the electrode. This finding is consistent with the expected composition of the
electrode in the two areas. The Ni 2p spectra measured during H20 electrolysis for all measured
spots are assigned to NiO, owing to their close resemblance with the Ni 2p peaks recorded in
O2 atmosphere (Figure 3.9a). It is important to highlight that the increased nickel oxidation
degree observed here, in comparison to that depicted in the oxidation experiment of Figure 3.2,
can be attributed to the elevated H2O pressure and temperature during electrolysis. Nickel
oxidation is expected to negatively impact the electrolysis performance of the cell [306].
Indeed, as depicted in the table within Figure 3.8, there is a rapid deactivation of the cell with
about 40% reduction in the current density (j) during the NAP-XPS measurement period (15
min). This is followed by an increase in the ohmic resistance (Rq) for about 1.2 Q-cm™ as
determined from the Nyquist plots (not shown). The fast degradation of the performance
suggests that the cell is in a dynamic mode and not in equilibrium state under these measurement
conditions. Hence, co-feed H2 with H20 is essential to prevent electrode oxidation and the
consequent rapid deactivation.

We now turn our focus to the Zr 3d peak, which as shown in Figure 3.8b displays a significant
BE shift between the inner and top measurement sections. Given that the Zr 3d peak shape is
identical in all cases, the observed shift should not be misconstrued as a chemical shift, which
typically indicates a change in the chemical state of an element. The origin of this shift in Figure
3.8b should be connected to the difference in the electric potential between inner and top areas.
Note that the Ni/YSZ electrode is grounded via the Au wire pressed on its top, implying that its
Fermi level is aligned to that of the analyser. However, a potential gradient is expected within
the cathode electrode, between the top part and the interface with the YSZ electrolyte [341,351].
As shown before, changes in the local electric potential are manifested by equivalent changes
in the BE of photoemission peaks [325,352]. Therefore, the shift of Zr 3d peak towards higher
BE under polarization, reflects the potential difference between the conduction and functional

layer within the Ni/YSZ electrode depth, as shown schematically in the inset of Figure 3.8b.
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Figure 3.8. (a) Ni 2p (hv=1065 eV) and (b) Zr 3d (hv=390 eV) NAP-XPS spectra measured at
different spots within a Ni/YSZ electrode under electrolysis conditions (Vw-c =2.5 V, 1 mbar
H20 at 750 °C). A simplified representation of the electric potential distribution within the
polarized cell is given in the inset. A schematic representation of inner and top parts of the
electrode as well as the electrical characteristics of the cell while measuring the NAP-XPS

spectra are given at the right panel of the figure.

The extended surface oxidation of Ni mentioned above provides an opportunity to contribute
to the discussion regarding the mechanism of Ni coarsening and migration during long term
operation. This phenomenon has been recognized as a contributing factor to the degradation of
Ni/YSZ electrodes during long-term H2O electrolysis [353]. In particular, two main
mechanisms have been put forward in literature to explain the Ni migration in Ni/YSZ
electrodes. The first is related to the formation and diffusion of volatile Ni-hydroxide species
(i.e. Ni(OH)x) enhanced by dynamic NiO/Ni redox processes [341,354], while the second does
not involve Ni(OH)x and is based on Ni spreading and covering of YSZ areas following a
wetting process [340,355]. Although Ni migration requires longer periods and higher current
densities from those used here, our results can relatively safely distinguish the formation or
absence of Ni(OH)x. This is crucial for elucidating if the mechanism of Ni coarsening and
migration proceeds via volatile Ni(OH)x or primarily follows the wetting process. As mentioned
above, under H20 electrolysis conditions our Ni 2p NAP-XPS spectra resemble those of NiO
(Figure 3.9a), while similar conclusions can be drawn by the absence of the characteristic OH

features at about 532 eV in the O 1s peak (Figure 3.9b) [356].
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Figure 3.9. (a) Ni 2p and (b) O 1s NAP-XPS spectra of the Ni/YSZ electrode under 1 mbar
02 at 350 °C (bottom) and under H20 electrolysis conditions (top).

Additional evidences about the nickel oxide phase come from Ni L32-edge X-ray adsorption
spectra shown in Figure 3.10. Previous sXAS studies have shown that the Ni L-edge is
particularly sensitive to changes in the Ni coordination environment, therefore not only
distinguishes the difference in the nickel oxidation state but also in the eventual formation of
different nickel oxide and hydroxide phases [357,358]. As shown previously, notable
differences exist in the Ni L-edge absorption spectra when comparing NiO with B-Ni(OH)z, B-
NiOOH, and y-NiOOH compounds [358]. In particular the intensity ratio between the two
absorption features at 869.9 and 871.0 eV in the Ni L2-edge changes dramatically in favour of
the 871 eV peak in Ni-(oxy)hydroxides as compared to NiO [358]. Figure 3.10 shows that the
Ni L-edge in Oz and the electrolysis conditions is almost identical and resembles that of NiO
samples reported in literature [357,358]. Hence, based on the above discussion, the formation
of Ni(OH)x species should be ruled out, attributing Ni oxidation to Ni + H2O() = NiO + Ha(g
reaction. This result supports that Ni depletion from the YSZ interface observed during long-
term electrolysis operation, most likely follows Ni spreading via the wetting mechanism rather

than the formation of volatile Ni-hydroxide species.
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Figure 3.10. Ni L3 2-edge soft X-ray adsorption spectra (sXAS) of the Ni/YSZ electrode under
1 mbar Oz at 350 °C (bottom) and under H2O electrolysis conditions (top).

3.3.2.2. Effect of the nickel oxidation state in the H,O/H; electrolysis performance

The findings discussed in section 3.3.2.1. suggest that, in direct H2O electrolysis conditions
(i.e., without the presence of a reducing gas), nickel oxidation is followed by a fast degradation
of the cell performance. The nickel oxidation state at equilibrium depends on factors such as
temperature, pressure, applied potential and gas phase composition. Nevertheless, the kinetic
barriers might impede the progression of surface reactions toward equilibrium. Consequently,
varying the initial electrode chemical state can result in the preservation of metastable surface
compositions under identical electrolysis conditions [359]. In line with this concept, Ni/YSZ
electrodes with two distinct Ni oxidation states were prepared following slightly different
pretreatments. Subsequently, the electrodes were subjected to H2O/Hz electrolysis conditions
to examine how the nickel surface oxidation state influences cell performance.

Specifically, the electrode underwent an initial treatment under pH20/pO2 (9/1) at 750 °C for
15 minutes. As evidenced by the Ni 2p NAP-XPS and NAP-HAXPES spectra presented in
Figure 3.11, this treatment was adequate for the complete oxidation of nickel. Consequently,
O2 was swapped by Hz and the cell was tested for H2O/H2 electrolysis (Ew-c = 2.5 V,
pH20/pH2=9/1 at 750 °C). The Ni 2p spectra measured at the inner section of the electrode
during electrolysis (Figure 3.12a) indicate that nickel is in a partially reduced state containing

both Ni® and NiO species. It is important to note that the operando electrolysis experiments
118

J. Zhang, PhD thesis



Chapter 3. Unveiling Key Interface Characteristics of Ni/YSZ Solid Oxide Cell Electrodes in H,O Electroreduction using Operando X-ray

Photoelectron Spectroscopy

were carried out within a short timeframe (between 15-20 minutes) to prevent substantial
alterations in the Ni oxidation state. The Ni 2p spectra acquired at the beginning and at the end
of the electrolysis cycle (Figure 3.12a) reveal ongoing reduction of NiO during the experiments.
The relative amount of Ni° and NiO is estimated by Ni 2p peak fitting evidences a rise in the
Ni/NiO ratio (Rninio) from 0.48 initially to 0.66 at the end. For the sake of brevity, we will
refer to this electrode as “oxidized”.

A second electrode was subjected in a similar H2O/Oz pretreatment process however, to further
reduce NiO before the onset of electrolysis, the composition of the H>O/H2 mixture was
momentarily enriched in H2 (pH20/pHz2 was raised to 2/1 for less than 1 minute). As illustrated
at the bottom panel of Figure 3.12a, this treatment results in a substantially more reduced and
stable electrode surface which is maintained during electrolysis compared to the previous case.
Specifically, the Rninio experiences a slight increment from 1.57 to 1.68 over the course of the
experiment. From now on, this electrode will be referred to as “reduced”. For both
pretreatments, the BE of the Zr 3d peak remains stable at 183.5 eV, suggesting that the electric
potential at the NAP-XPS measurement area is very similar in both cases. Overall,
photoemission experiments show that by controlling the pretreatment, the Ni/YSZ electrode
can be measured at identical electrolysis conditions but with a different degree of nickel surface
oxidation.

Having shown this, we now direct our attention to how the oxidation state of nickel affects the
electrochemical performance of the cell. The mean current density and Oz production,
illustrated in Figure 3.12b, suggest that the cell with “reduced” Ni/YSZ exhibits higher current
densities and Oz production than the “oxidized”. Furthermore, the Nyquist plots in the two cases
(Figure 3.12c), show that lower current densities are accompanied by higher Ra and R, values.
According to the above-mentioned data the electrochemical performance is degraded on more
heavily oxidized Ni/YSZ electrodes. Such behavior might be anticipated though, since nickel
oxidation is frequently linked to a decline in the performance of solid oxide cells. This can be
explained by the increase in the ohmic resistance of the cathode since NiO has significantly
lower electronic conductivity compared to metallic nickel. Nickel oxidation can also impact the
charge transfer resistance at the Ni-YSZ interface, as the distinct catalytic properties of NiO
and Ni’ influence the adsorption and dissociation of water molecules at the electrode surface

and thus the kinetics of the electrochemical reaction.
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Figure 3.11. Ni 2p NAP-XPS (top) and NAP-HAXPES (bottom) spectra of the Ni/YSZ
electrode before the electrochemical testing treated under pH20/pO2 (9/1) at 750 °C.

QMS-m32 (mA)
5.5x10"6.0x10"6.5x107" 7.0x10™""

(a) NAP-XPS Ni 2p Ni® (b) Gas production &
NiO; current density

g|(c) Nyquist plot © ‘reduced"

o "oxidized"
initial E 6] "reduced" "oxidized"
} o [|Re¥610Qcm®  R;=6.9Qcm?
% YRFB300m?  R=7.20cm?
final | NE ) 60 ° o
h @0 o o
Rnmio 7 K
2 o ol f? 5}
5 ' §e A4
g loxidized” __.>loe6 |oxidized” . 6 8 10 12 1
& Z oo (Q cm?)
%’ 5/(d) DRT plot "reduced"
< P4 "oxidized"
£ & 4
5
initial g’
m ’\."E : Ps P1
1.57 1 P2
"reduced"” 1.68 |'reduced” 01
890 880 870 860 850 0 30 60 90 120 10° 10" 102 10 10* 105 10°
Binding Energy (eV) Current density (mA cm) f (Hz)

Figure 3.12. (a) Operando Ni 2p (hv=1065 eV) NAP-XPS spectra measured under electrolysis
conditions (Ew-c = 2.5 V, pH20/pH2=9/1 at 750 °C) at the inner section of Ni/YSZ electrodes
underwent different pretreatments, (b) The mean current density of the cell and the production
of gas phase Oz measured on line during the photoemission experiments of (a). Impedance

spectra presented as (¢) Nyquist and (d) DRT plots for the two cells.
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Distribution of Relaxation Times (DRT) analysis is applied to further comprehend the electrode
processes involved in H20 electrolysis. Four main electrode processes are identified in Figure
3.12d labeled P1 to P4 in descending order of relaxation frequency. Each peak area corresponds
to the polarization resistance of the associated electrode process, with relaxation frequencies
ranging from 10° to 10* Hz (P1), 10* to 10 Hz (P2), 10° to 10> Hz (P3), and 100 to 10 Hz (P4).
According to literature, P1 is linked to O%" transport resistance, P2 is associated with charge
transfer process-related resistance, P3 is connected to the diffusivity resistance of O*, and P4
is related to gas phase diffusion process-related resistance[335]. Notably, P2, P3, and P4 exhibit
more significant changes as the oxidation state of Ni increases, indicating that the electrode
processes they represent are influenced by the oxidation state of surface Ni. As the oxidation
state of surface Ni varies, there is almost no observable change in the absolute value of P1, but
the characteristic peak of P1 widens and shifts towards lower frequencies. The DRT results
further confirm that the charge transfer reaction and ion transport process represented by P4
play a dominant role in H2O electrolysis performance.

3.3.2.3 Depth-distribution of NiO and Ni phases during H,O/H; electrolysis

The XRD patterns of the Ni/YSZ cells after the operando photoemission experiments (Figure
3.13) are dominated by the diffraction lines of YSZ and metallic Ni phases. The depth
distribution of oxide and metallic nickel phases was addressed through the analysis of Ni 2p
spectra acquired in the NAP-XPS and NAP-HAXPES measurements. The use of the incident
photons with 1065 eV and 4900 eV in the two cases enables non-destructive depth profiling
from the outermost surface to the subsurface layers. Estimating the analysis depth as 3 times
the inelastic mean free path, the aforementioned measurements correspond to analysis depths
of approximately 1.6 and 12.1 nm, respectively [342]. Figures 3.14a and 3.14b display the Ni
2p NAP-XPS and NAP-HAXPES spectra obtained during H2O/H: electrolysis from Ni/YSZ
electrodes with varying degrees of oxidation. Spectra recorded on a partially oxidized Ni/YSZ
electrode at open circuit (without polarizing the electrode) are included in Figure 3.14c for
comparison. As depicted in Figure 3.14 and the Rninio presented in Table 1, during electrolysis
conditions the Ni 2p spectra exhibit significant similarity at both analysis depths, whereas at
open circuit, they are notably different.

The surface morphology corresponding to the experimental Rninio was further elaborated using
the SESSA software [342]. To do so, the Ni 2p photoemission spectra of Figure 3.14 where
calculated using 2 types of surface morphology; flat planar layered surface (hereafter designated

as planar-morphology) and islands on top of a flat layered surface (hereafter designated as
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island-morphology). In both cases the interface between the various layers is assumed to be
ideally flat. In the planar-morphology simulation two configurations were tested. The first is a
homogenous mixture of Ni’ and NiO phases and the second considers two layers, with the upper
(overlayer) composed of NiO and the underlying (substrate) of a Ni’ and NiO mixture. It is
important to note that attempts to simulate the Ni 2p spectra with a single nickel phase at the
substrate, instead of Ni’ and NiO mixture, were unsuccessful. The varying parameters of the
SESSA simulation was (i) the Ni” to NiO composition of the substrate and (ii) the thickness and
coverage (in case of island-morphology) of the overlayer. To note that the size and the
periodicity of the islands defines their coverage on the support (< 1 monolayer). The Rninio
was calculated by trial and error until a reasonable match between the simulated and
experimental Rninio values found for both analysis depths.

The morphologies that give both the best match between simulated and experimental Rninio
are represented in 2D and 3D at the top and the inset of Figure 3.14 respectively, while the
simulated Rninio values are included in Table 1. As depicted, in all cases, the subsurface
consists of a Ni’ and NiO mixture with varying compositions, whereas the overlayer
arrangement is quite different in each sample. In particular, the “oxidized” Ni/YSZ electrode
has a slightly increased Rninio in deeper analysis depth, meaning that part of NiO is
preferentially located at the surface. Efforts to reproduce the experimental Rxinio by employing
morphologies characterized by a monolayer-thick NiO layer (0.21 nm) atop a Ni/NiO mixture
failed to describe the data in both analysis depths. The morphology able to simulate the Rninio
consists of a 45%Ni’-55%NiO substrate covered by 0.55 nm thick NiO islands at a coverage of
17%. In case of the more reduced electrode (Figure 3.14b), the experimental Rninio is
practically the same in the two analysis depths. This indicates a homogeneous mixture of Ni
and NiO, with a composition of 63% Ni and 37% NiO, extending at least within the outer 12.1
nm. In case of Ni 2p spectra measured at open circuit (Figure 3.14¢) they were best simulated
by a dense 0.37 nm thick NiO layer over a 40%Ni-60%NiO substrate. It is important to note
that while these models serve as feasible representations of the studied states, we cannot
completely rule out the possibility of other, potentially much more complex models being

capable of reproducing the experimental Ryinio as well.
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Figure 3.13. X-ray diffraction patterns of Ni/YSZ cell in the calcined (original) state and after
the operando NAP-XPS and NAP-HAXPES experiments (post mortem).
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Figure 3.14. Ni 2p core-level spectra measured using 1065 eV (NAP-XPS) and 4900 eV (NAP-
HAXPES) photon energies over Ni/YSZ electrode during a) Ew.c =2.5 V, 1 mbar H2O:H2=9:1
at 750 °C (after mild reduction pre-treatment), b) Ew.c = 2.5 V, 1 mbar H20:H2=9:1 at 750 °C

(after harsh reduction pre-treatment) and ¢) open circuit, 1 mbar H20 at 750 °C (after reduction

in H2). The time interval between NAP-XPS and NAP-HAXPES measurement was around 3

minutes. The surface morphology that resulted in the optimal fit for the experimental Rni/Nio in

SESSA simulation is depicted at the top of the figure.
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Table 3.1. Comparison of experimental and simulated Rninio. The error in the experimental

Rninio ratios is estimated around +5%.

Rninio (NAP-XPS) Rninio (NAP-HAXPES)
Conditions

Experiment Simulation Experiment Simulation

Ew.c=2.5V, | mbar H;O:H,=9:1 at 750 °C (after

0.66+0.03 0.66 0.79+0.04 0.79
mild reduction pre-treatment)
Ew.c=2.5V, | mbar H;O:H,=9:1 at 750 °C (after
1.68+0.08 1.70 1.70+0.09 1.70
harsh reduction pre-treatment)
open circuit, 1 mbar H,O at 750 °C (after
0.20+0.01 0.20 0.56+0.03 0.58

reduction in Hy)

The results presented above suggest a rather unexpected configuration between Ni’ and NiO in
the partially oxidized Ni/YSZ electrode. Typically, the oxidation of transition metals, begins
with the formation of a thin oxide layer at the surface, which often acts as a protective barrier
for further oxidation. This configuration was partially observed in case of Ni/YSZ at open
circuit, however at this point it is not clear if this is due to the higher degree of oxidation of this
sample or it is related to the absence of cathodic polarization. Recent work by Cheng et al. [341]
has demonstrated that under electrolysis conditions in Ni/YSZ electrodes, the oxygen chemical
potential varies significantly within the electrode. Specifically, at the Ni-YSZ interface region,
the chemical potential is oxidative, while inside bulk nickel particles, the chemical potential is
reductive. This means that metallic and oxidized Ni phases can coexist simultaneously at
different locations within the electrode. This observation can explain the findings of depth-
dependent measurements, which show a relatively homogeneous distribution of Ni and NiO
phases under applied bias. In any case, operando photoemission experiments give solid
evidences that during electrolysis NiO is mainly occurring in a horizontal or sideways manner
rather than progressing from the surface towards the interior of the nickel particles as for
conventional gas phase oxidation. This suggests that metallic nickel remains accessible at the
surface even in partially oxidized electrodes, thereby maintaining a certain level of

electrocatalytic performance in the cell.
3.4. Conclusions

In this study, operando X-ray photoelectron spectroscopy was combined with electrochemical

characterization to investigate the interplay between the surface chemical states and

electrocatalytic performance of Ni/YSZ solid oxide cell cathode electrodes during H2O

electroreduction. The use of modified miniature cells enables direct observation of electrode
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areas near the YSZ interface revealing dynamic changes of Ni/YSZ composition under H2 and
H2O treatments. By adjusting the cell pre-treatment conditions, a correlation between nickel
surface oxidation and the cell H2O electroreduction performance is established. The study
unequivocally shows a preference of NiO as the oxidized Ni phase during H20 electrolysis,
providing critical insights into Ni-phase redistribution during long-term operation. The surface
chemical analysis excluded the formation of Ni-hydroxide. Depth-dependent photoemission
measurements reveal a uniform mixing of NiO and Ni phases on the surface suggesting that

metallic nickel remains accessible at the surface even for partially oxidized electrodes.
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4.1. Introduction

Amidst the growing concerns of climate change and the depletion of fossil fuel reserves, the
pursuit of sustainable and clean energy sources has become increasingly urgent [360—364].
Among the various methods for generating clean energy, water electrolysis stands out as a
promising approach [360—362,364-366]. This process produces hydrogen by splitting water
into hydrogen and oxygen through the application of electricity. The effectiveness and
efficiency of electrolysis largely hinge on the materials selected for the electrodes, which are
vital components of the electrolysis cell [367-370].

Cerium dioxide (CeO2), commonly referred to as ceria, is well known for its distinctive catalytic
properties, particularly its capacity to enable reversible transitions between Ce*" and Ce**
oxidation states [371,372]. Nickel-doped cerium dioxide further enhances ceria's reducibility,
not only increasing catalytic activity but also facilitating the formation of single-atom catalysts
by promoting the even distribution of metal ions within the oxide support [373-376].
Modifying the surface of cathode electrodes by depositing metals or oxides has become a
widely adopted strategy to enhance the performance and durability of solid oxide cell (SOC)
devices [147,377-381]. One effective preparation method involves infiltrating catalytic
promoters into the pores of ceramic electrodes, which can increase the triple-phase boundary
(TPB) and improve the ionic and electronic conductivity, as well as the catalytic activity of the
electrodes [377,382—384].

However, achieving uniform dispersion of these materials is a major challenge, as conventional
synthesis techniques often lead to the formation of separate metal/ceria aggregates. The
infiltration process is particularly difficult due to nanoparticle agglomeration, which can block
pores and restrict gas access [230,385-388]. To address this issue, our research group has
developed a novel synthesis approach that uses Schiff base complexes as inorganic precursors.
In this method, a hexane-based solution containing ceria nanoparticles is infiltrated into pre-
formed Ni/YSZ cermet electrodes [277,386]. This technique avoids the complications
associated with aqueous solutions, such as poor wettability and precipitation of precursors,
while also simplifying the process by eliminating the need for surfactants. Using organic
solutions enables better nanoparticle penetration and dispersion within the electrode structure,
significantly enhancing the efficiency of both infiltration and catalyst loading. This method has
been shown to facilitate the formation of nickel-doped ceria nanoparticles, improving their

reducibility.
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Organic solutions containing two types of cerium oxide nanoparticles (Nio.2Ceo.sO2x NPs and
CeOy NPs) were subsequently infiltrated into pre-reduced Ni/YSZ cermet electrodes, which
served as a porous support. The morphology and microstructure of the modified Ni/YSZ
electrodes were investigated through multiple analytical methods. Alongside the synthesis and
characterization of these nanoparticles, their influence on the electrochemical performance of
NiCe@NiYSZ cathode electrodes was evaluated. The results revealed that Nio2Ceo.sO2-x
nanoparticles significantly outperformed conventional ceria particles in H20O electrolysis, as
well as the unmodified Ni/YSZ electrode.

This chapter is based on an article in preparation: Jinming Zhang, Mathias Barreau, and
Spyridon Zafeiratos et al. Study on mechanism of the nickel-doped and undoped ceria NPs

influence the Ni/YSZ cathodes electrochemical performance in H20 electrolysis.

4.2. Material and Methods

4.2.1. Synthesis of NiCeOx NPs organic solution

Un-doped CeO: nanoparticles (CeOy) and 20% Ni-doped CeO2 nanoparticles (Nio.2Ceo.802-x),
referred to as NiCeOx, were synthesized using Schiff base metal complexes, following a
previously established protocol [277,386,389]. The synthesis process began with the
preparation of two monometallic Schiff base complexes, Ce-L and Ni-L. This involved
refluxing a mixture of o-vanillin, 1,3-diaminopropane, and the appropriate metal salts (cerium
nitrate hexahydrate for Ce-L or nickel acetate tetrahydrate for Ni-L) in methanol. The
nanoparticles were then synthesized by combining the Schiff base complexes and subjecting
them to pyrolysis in an oleylamine medium at 180 °C under an inert argon (Ar) atmosphere.
After synthesis, the nanoparticles were precipitated with methanol and collected via
centrifugation (illustrated in Figure 4.1). A portion of the resulting nanoparticles was dispersed
in hexane solution, while the remainder underwent calcination in air at 450 °C for one hour.
This calcination step was necessary for characterization techniques such as XPS and XRD

[386,389].
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Figure 4.1. Synthesis procedure of Ni-doped CeO2 nanoparticles. Reproduced with
permission of Ref. [389], Copyright of ©2023 Wiley

4.2.2. Description of the prefabricated electrochemical cells with Ni/YSZ cermet cathodes

The NiCeOx and CeOy nanoparticles (NPs) were directly infiltrated from a hexane solution onto
commercially available electrolyte-supported half-cells produced by Kerafol GmbH as depicted
in section 2.1.

Before impregnating the Ni/YSZ cathode, we prepared the anode side (Pt anode). Once the
anode electrode is coated, the porous ceramic Ni/YSZ cathode is impregnated with
nanoparticles using a micropipette. The nanoparticle solution was infiltrated directly onto the
surface of the Ni/YSZ electrode of approximately 0.785 mm? area. In this study, various
amounts of Nio2Ceo.802x or CeOy NPs in hexane were impregnated onto the electrodes, which
were subsequently referred to as, for example, 10 NiCeOx or 10 CeOy, depending on the volume
of solution used. After each infiltration step, the hexane solvent was allowed to evaporate in air
at 80 °C for approximately 90 min. A calcination process was then carried out at 450 °C in air
to eliminate any organic residues from the NPs coating (as shown in Figure 4.2). For the

electrochemical tests, the calcined cells underwent a second reduction step in Ho.
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Figure 4.2. Schematic representation of the NiCeOx and CeOy NPs infiltration process over

pre-fabricated Ni/YSZ electrodes.

4.2.3. Benefits and limitations of electrochemical tests on miniature cells

As previously discussed, for electrochemical testing, a quarter segment of a 2 cm diameter
button cell (miniature battery) was employed. The compact size of these cells allows for
efficient investigation of the infiltration process and subsequent characterization after
infiltration. Preparation of miniature cells facilitates electrochemical tests and limits
uncertainties that may arise when scaling up to a full 2 cm diameter button cell. This ensures
that the morphology and chemical properties of the cells used in electrochemical measurements
align with the detailed characterization findings presented in other chapters of this thesis.
However, due to the small size of these miniature cells, traditional SOC testing equipment could
not be utilized. Instead, the tests were carried out in a single-chamber reactor attached to a UHV
system, as described in the experimental section. The specific conditions applied during H2O
electrolysis—such as low temperature, low pressure, and reduced fuel flow rates—resulted in
current densities that were lower than those typically observed in conventional button cell tests
at different applied voltages. Consequently, the results are consistently analyzed on a
comparative basis, with primary emphasis on the current-voltage (I-V) curves of cells featuring
both pristine and modified Ni/YSZ cathodes under identical reaction conditions.

The use of this specialized setup for electrochemical testing provides several key benefits. It
enables surface characterization of the electrodes both prior to and following electrochemical

tests, facilitating the detection of surface impurities or carbon deposits that might influence
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electrochemical performance and potentially obscure the effects of surface modifications.
Therefore, it is better suited to the aims of this thesis, which focus on understanding how surface

changes impact the overall behavior of the cell.
4.2.4. Electrolytic performance characterization

For the SOEC water electrolysis experiment, the reaction conditions were set at 700 °C and a
pressure of 2 mbar. According to the literature, water vapor can act as an oxidant for Ni
[277,286]. To maintain the Ni/YSZ in a reduced state, a 1:1 H20 to H: ratio was used.

The electrochemical performance was evaluated by chronoamperometry and electrochemical
impedance spectroscopy (EIS) measurements, using a VersaSTAT3 potentiostat. In the
chronoamperometry experiments, three constant potentials were applied between the working
and counter electrodes, and the current response was monitored over time. EIS spectra were
recorded at each potential, spanning a frequency range of 100 KHz to 0.01 mHz, with a signal
amplitude of 10%. The intersection of the impedance arc with the real axis at high frequencies
represents the series or ohmic resistance (Ra) of the cell, while the difference between the arc's
intercepts with the real axis at high and low frequencies defines the polarization resistance (Rp).
This precise configuration enables a thorough analysis of the electrochemical behavior under
the specified conditions, offering valuable insights into the reaction dynamics and the resistance

properties of the materials involved.
4.2.5. Electrochemical reactor

The electrochemical reactor described in section 2.2.2 was utilized to evaluate the performance
of the electrolytic cell. Gas flow into the cell was managed using calibrated mass flow
controllers, and the reaction products were analyzed in real time using an online quadrupole
mass spectrometer (QMS). The electrochemical cell is fastened to a quartz sample holder using
two stainless steel clamps and is heated from the back with the infrared lamp as shown
schematically in Figure 4.3a. For the anode and cathode sides, a platinum grid and a gold grid
serve as current collectors, respectively. These current collectors are connected to a 6-way UHV
connector on the manipulator via gold wires that are shielded by ceramic rings, as illustrated in
Figure 4.3b. The temperature is regulated by a PID controller, with measurements taken from
a thermocouple placed on the ceramic sample holder adjacent to the sample. The the samples
underwent calcination in 1.0 mbar O at 400 °C or reduction in 1.0 mbar Hz at 700 °C for 30

minutes prior to electrochemical tests.
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Figure 4.3. a) Schematic of electrochemical experimental chamber self-assembled in the

laboratory, () Gas, 2 Mass flow controller, 3 Gas mixer, 4 Reactor chamber, & Mass
Spectroscopy, ©®Pump; b) Holder and infiltrated Ni/YSZ cell.

4.2.6. Material characterization

Ex-situ characterization techniques, including FTIR spectroscopy, TGA, XRD, and DLS are

discussed in detail in Chapter 2.

4.3 Result and discussion

4.3.1 Concentration of NiCeOx and CeOy nanoparticles

The concentration of NiCeOx and CeOy nanoparticles (NPs) in their organic solutions was
assessed using Thermogravimetric Analysis (TGA). TGA measurements were conducted in air
for three different volumes of NiCeOx and CeOy NP solutions: 100 pL, 200 pL, and 300 pL.
The characteristic TGA thermograms for the 100 pL solutions of NiCeOx and CeOy are shown
in Figure 4.4a, while the results for all three volumes are summarized in Table 4.1. For both
NiCeOx and CeOy solutions, the initial weight loss depicted in Figure 4.4a is attributed to the
evaporation of the hexane solvent at approximately 70 °C. Following this, above 200 °C, the
weight loss is associated with the decomposition of the oleylamine (OLA) coating enveloping
the NPs [390]. The weight curve stabilizes at 450 °C for both types of NPs, signifying the
complete decomposition of the organic coating.
From these findings, the mass concentration of the two NPs in their organic solutions was
calculated. The data presented in Table 4.1, along with the graphical representation in Figure
4.4b, illustrates a linear relationship between the weight of NPs and the volume of the solution,
resulting in mass concentrations of 4.9 mg/mL for NiCeOx and 5.4 mg/mL for CeOy NPs.
The TGA data presented in Table 4.1 indicate that the final percentage weight of NiCeOx is
lower than that of CeOy NPs, with average values of 23.0+1.0% and 33.2+1.2%, respectively.
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Considering that the mass concentrations of both NPs in their organic solutions are comparable,
this difference implies that the average weight of the protective OLA layer surrounding NiCeOx
is less than that of the OLA layer encasing CeOy NPs.
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Figure 4.4. a) The TGA thermogram of 100uL NiCeOx and CeOy NPs in their organic
solutions. b) The final weight of NiCeOx and CeOy NPs at 600 °C as a function of different

quantities of organic solutions in TGA measurement.

Table 4.1. TGA quantitative analysis of NiCeOx and CeOy NPs in organic solutions.

Loading (ul) Initial weight(mg Final weight(mg | Calculated final mass Final weight(%
at 25 °C) at 600 °C) concentration (mg/ml) at 600 °C)
NiCeOy
100 1.48 0.49 4.9 33.1
200 2.88 0.99 5.0 344
300 4.57 1.47 4.9 322
CeOy
100 245 0.58 5.8 23.7
200 4.72 1.04 52 22.0
300 6.87 1.60 53 233

4.3.2 Size of the nanoparticles in solution and after calcination

Dynamic light scattering (DLS) was utilized to evaluate the size distribution profile of NiCeOx
and CeOy particles in their respective solutions [391]. It is crucial to understand that DLS
measurements provide the hydrodynamic radius, which accounts for the total size of the
particles, including the organic protective layer. As shown in Figure 4.5a and summarized in
Table 4.2, a significant proportion (77.9%) of NiCeOx nanoparticles in hexane solution forms

aggregates with an approximate size of 0.75 pm. In contrast, CeOy nanoparticles exhibit a larger
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aggregate size of around 1.32 um, with 79.9% of the particles falling within this size range. The
notable difference in size between the two types of nanoparticles in the hexane solution may be

attributed to agglomeration effects, as schematically illustrated in Figure 4.5b, which will be

discussed in detail later.
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Figure 4.5. a) The particle size distributions of NiCeOx and CeOy NPs in their organic solutions
in DLS measurement. b) Schematic representation of NiCeOx and CeOy NPs arrangement in
their organic solutions.

Table 4.2. The DLS results of NiCeOx and CeOy NPs in their organic solutions.

Peak 1 Peak 2 Peak 3
Sample Particle Particle Particle
diameter ‘?012)3 diameter ‘?012)3 diameter A(‘(;f:f
(um) (um) (um)
NiCeOx NPs 0.75 77.9 0.04 14.2 0.0006 4.7
CeOy NPs 1.32 79.9 0.084 9.8 0.0015 6.74

The crystallinity of both pristine and calcined NiCeOx and CeOy nanoparticles (NPs) was
examined using X-ray diffraction (XRD), as illustrated in Figure 4.6. The corresponding
crystallite sizes were determined using the Debye-Scherrer equation, applied to the most intense
(111) diffraction peak. The diffraction patterns for both types of samples revealed characteristic
peaks corresponding to the fluorite structure of CeO:. Importantly, no additional peaks
associated with nickel-containing phases were detected in the NiCeOx NPs, suggesting that
there are no isolated nickel aggregates. This observation confirms the successful incorporation
of all Ni ions into the CeO2 lattice [277]. The estimated crystallite sizes for pristine NiCeOx and

CeOy NPs, as shown in Table 4.3, were approximately 3.8+0.3 nm and 4.8+0.5 nm, respectively
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(refer to Figure 4.6a). After calcination, the crystallite sizes were calculated to be 6.5+0.2 nm
and 7.4+0.2 nm, respectively (as shown in Figure 4.6b). These findings indicate that both types
of cerium-based nanoparticles are well dispersed in hexane solution and exhibit relatively small

sizes (3-5 nm), highlighting the succesful production of nanoscale ceria particles [277,392].
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Figure 4.6. a) prisine XRD patterns of NiCeOx NPs and CeOy NPs as well as b) these two NPs
after calcination (NiCeOx or CeOy solution was calcinated with a ramp of 5 °C/min for 1h at
450 °C in air).

Table 4.3. Crystallite size results of NiCeOx and CeOy NPs measured directly on the NiCeOx

and CeOy solutions and calcinated samples respectively, after two infiltration/co-firing steps.

Sample Pristine Crystallite Calcination
P size (nm) Crystallite size (nm)
NiCeOx 3.8+0.3 6.5+0.2
CeOy 4.8+0.5 7.4+0.2

While the XRD results indicated that CeOy NPs should be larger than NiCeOx NPs, the sizes
measured by DLS revealed both types of nanoparticles to be on the micron scale. This
discrepancy cannot be solely attributed to the presence of the surrounding coating, given that
oleylamine (OLA) molecules generally have a chain length of approximately 2.0 nm.
Consequently, the DLS data suggest that CeOy nanoparticles tend to form larger aggregates in

hexane solution compared to NiCeOx nanoparticles.
4.3.3 Infiltration of NiCeOx and CeOy NPs into the prefabricated Ni/YSZ electrodes

Before infiltration, the cell underwent reduction in H2, a process that generally leads to a
significant reduction in nickel particles volume, resulting in the formation of nanopores.
Following reduction, an appropriate quantity of both types of nanoparticles was infiltrated onto

the surface of the Ni/YSZ electrode. Post-infiltration images (Table 4.4) indicate that CeOy NPs
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were more challenging to infiltrate into the electrode's pores compared to NiCeOx NPs. After
applying only 10 uL of CeOy, a substantial quantity of nanoparticles remained on the surface,
unable to penetrate. In contrast, infiltration of NiCeOx NPs was smooth until 80 puL of solution
are deposited on the support. To ensure effective infiltration, a maximum amount of
impregnated solution, i.e. 160 pL of NiCeOx and 10 pL of CeOy, was applied in two separate
infiltration/co-firing steps. For all the other solutions amounts, the nanoparticle were infiltrated
through a single infiltration/co-firing step. For clarity, simple calculations reveal that each 10

nL of NiCeOx NPs results in a loading of 15.6 mg/cm?®, while for CeOy, each 10 pL yields a

loading of 17.2 mg/cm?.
Table 4.4. Photos of cells after the NiCeOx NPs and CeOy NPs infiltration procedure and after
calcination
w B B R R
NPs
0 pL 40 pLL 80 uL After calcination
<« BB R R
NPs
0 uL 5uL 10 uLL After calcination

The challenges associated with the infiltration of ceria nanoparticles into the electrode pores
may stem from agglomeration. The differing dispersion behaviors of the two types of ceria
nanoparticles (NPs) in hexane can be elucidated through DLVO (Derjaguin, Landau, Verwey,
and Overbeek) theory, which is frequently applied to describe colloidal system behaviors [294—
296]. Specifically, the dispersion of ceria NPs that are coated with an organic layer is governed
by the interplay between van der Waals attraction forces at the core (ceria NPs) and the steric
repulsive forces from the attached ligands, in this case, oleylamine (OLA). The calculated
potential curves (Figure 4.7) indicate that the core size of ceria-based NPs significantly affects
their dispersion in hexane solution. Larger nanoparticles exert stronger van der Waals forces
compared to smaller ones. Given that both types of NPs are covered with the same OLA layer
(as shown in Figure 4.1), the larger crystallite size of CeOy NPs, as determined by XRD,

accounts for their reduced dispersibility in the solution, as evidenced in Figure 4.5b.
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In conclusion, the analysis confirms that both NiCeOx and CeOy NPs are nanoscale particles
coated with an OLA layer. While both types tend to aggregate in hexane, CeOy exhibits a more
pronounced tendency to agglomerate, resulting in clusters that are approximately twice the size

of those formed by NiCeOx.
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Figure 4.7. The calculated total potential curves between NiCeOx and CeOy NPs. The inter-
particle distance ds (ds = d - 2r) was defined as surface-to-surface separation distance between
two nanoparticles. As shown in the figure, the repulsive forces arise at the distance, where

oleylamine surrounded ceria-based nanoparticles contacts each other [386].

4.3.4 Electrolysis characterization of samples infiltrated with NiCeOx and CeOy

nanoparticles

We performed multiple sets of electrochemical performance tests to evaluate the performance
of cells with Ni/YSZ cathodes, before and after infiltration with NiCeOx and CeOy nanoparticles
(NPs). In these comparative experiments, we systematically increased the amount of infiltrated
solution onto Ni/YSZ in order to determine the optimal nanoparticle loading for electrolysis
performance. Initially, the Ni/YSZ cathodes underwent oxidation at 400 °C in O2 followed by
reduction at 700 °C in Hz, with each treatment lasting 30 minutes. The pre-oxidation step was
primarily intended to eliminate residual carbon from the surface, while the pre-reduction aimed
to reduce nickel and enhance electrode porosity. This modification facilitated deeper
penetration of the nanoparticles into the electrode’s pores and formation of more triple-phase
boundaries (TPBs).

For NiCeOx, we started with an infiltration amount of 10 pL, subsequently doubling it to 20
pL, 40 pL, 80 puL, and finally 160 pL, in order to quickly ascertain the optimal loading amount.
For CeOy, we examined loading amounts of 5 pL and 10 pL. It is important to note that each

infiltration was conducted on a fresh Ni/YSZ sample underwent exactly the same pretreatment.
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This strategy was implemented to avoid unpredictable effects, related to sample aging, that may
occur after multiple cycles of oxidation, reduction, and electrolysis testing.

Following infiltration, each cell underwent chronoamperometry, staircase linear scanning,
long-term stability testing, and electrochemical impedance spectroscopy experiments. Theese
experiments were performed in 2 mbar of H2O:Hz2 (50% each) atmosphere at 700 + 5 °C. During
the electrolysis experiments, a quadrupole mass spectrometer (QMS) was utilized to analyze
the composition of the outlet gases, ensuring that the applied voltage or current generated the
anticipated quantities of gas phase products. Due to the presence of a single reaction chamber,
the QMS monitored both the inlet and outlet gases simultaneously. Unfortunatelly the signal
from the inlet H2O:Hz gas mixture completely overshadowed the Hz signal produced by H2O
electrolysis. However, the evolution of gas phase Oz signal was quite consistent with the current
response of the cell.

4.3.4.1. Chronoamperometry (CA) comparison of pristine and infiltrated cells in HO+H;
electrolysis

The chronoamperometry (CA) experiments were conducted at three voltages—0.5 V, 1.0 V,
and 1.5 V—each maintained for 5 minutes. As shown in Figures 4.8a and 4.8b, the current
density at all three voltages increased following infiltration with NiCeOx nanoparticles,
indicating an improvement in water electrolysis performance. At 80 uL loading, the increase in
electrolysis current was approximately fourfold at 0.5 V, sixfold at 1.0 V, and fivefoldat 1.5V,
reaching 130 mA/cm?. The performance declined at a loading of 160 pL, suggesting that 80 uL
is the optimal loading for electrolysis. Consequently, it was decided not to conduct any further
infiltrations with loadings exceeding 160 pL. Each experimental set was repeated twice,
yielding highly reproducible results with variations of approximately 10%, indicating good
reproducibility.

In the infiltration experiments with CeOy NPs, illustrated in Figure 4.8c and 4.8d, the
electrolysis current increases up to 2.5 times at 5 pL. CeOy loading, but decreases aging at 10
pL, suggesting that 5 pL is the optimal loading for CeOy. Moreover, during the infiltration with
a pipette, the last few drops of the solution were observed to be less readily absorbed (Table

4.4), indicating that larger agglomerates of CeOy NPs in hexane contributed to rapid blocking.
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Figure 4.8. a) 6 groups of CA experimental results of NiYSZ impregnated with different
amounts of NiCeOx NPs; b) The corresponding current of each potential in NiCeOx NPs
experiments; ¢) 3 groups of CA experimental results of NiYSZ impregnated with different
amounts of CeOy NPs; d) The corresponding current of each potential in CeOy NPs
experiments. Each point corresponds to a steady state current attained after Smin at the selected

potential

When considering the results from Figures 4.8, it can be concluded that while a 5 uL loading
of CeOy NPs led to a more than twofold increase in electrolysis current, this enhancement

remains less significant than the sixfold improvement observed with NiCeOx NPs.

4.3.4.2. Gas production during the CA experiments

The gas phase analysis results obtained through online QMS, as depicted in Figure 4.9, indicate
that the 80 NiCe cell produce significantly more O2 compared to the 5 Ce and the reference,
pristine Ni/YSZ cell. This finding aligns well with the electrical measurements, confirming that
the enhanced performance is attributed to the greater electrocatalytic activity of the electrodes

post-modification.
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Figure 4.9. a) The evolution of the Oz (m/e 32) gas phase signals as a function of time during
NiCeOx NPs experiments recorded in the reaction chamber by on line mass spectrometry.
Reaction conditions: 2 mbar H2O+H2(50%+50%) at 700 °C. b) Corresponding integrated O2
gas QMS signal at each potential during NiCeOx NPs experiments; ¢) The evolution of the O2
(m/e 32) gas phase signals during CeOy NPs experiments; d) Corresponding integrated Oz gas
QMS signal at each potential during CeOy NPs experiments. Results for the voltage applied at
0.5 V are not shown due to the exceedingly low gas production observed during these
experiments, which fell below the detection limit and was completely masked by the

background noise baseline.

4.3.4.3. EIS of pristine and infiltrated cells in HO+H: electrolysis

Following CA experiments, a corresponding electrochemical impedance spectroscopy (EIS)
test was performed at each applied voltage. The results for NiCeOx infiltration are illustrated in
Figure 4.10. Each EIS result presents an arc shape, from which the ohmic resistance (Ra) and

the polarization resistance (Rp) of the cell can be calculated as mentioned in paragraph 4.2.4.
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Figure 4.10. Potential static EIS of samples loaded with 6 different amounts of NiCeOx at three
different voltages, a) for 0.5V, b) for 1.0 V and ¢) for 1.5 V.

Given the difficulty in determining the resistance values from the Nyquist plot, we conducted
a fitting analysis and subsequently to present the data more clearly. From Figure 4.11, it is
apparent that the Ra for the reference cell is approximately 4 Q/cm?, whereas the impregnated
cell displays an ohmic resistance is slightly decreased ranging between 1.5 and 2 Q/cm?. The
ohmic resistance for both cells remains stable as the voltage increases, which is consistent with
their physical interpretation. The Ry between the pristine and infiltrated cells exhibits significant
variation. Specifically, the reference cell shows a polarization resistance of approximately 380
Q/cm?, while the lowest polarization resistance for the 80 pL NiCeOx impregnated cell is
around 75 Q/cm?,
Another notable observation is that the sample impregnated with 80 puL consistently exhibits
the lowest Rp across all applied voltages. Ry effectively reflects the ease of the electrode
reactions, and its decrease with increasing applied voltage can be explained by the kinetics of
electrochemical reactions. In redox reactions, the activity of surface-active sites on the electrode
varies with different potentials. Near the equilibrium potential, the reaction rate is slow,
resulting in higher polarization resistance. However, as the applied voltage deviates from the
equilibrium potential, the rates of oxidation or reduction reactions increase, leading to a typical
decrease in polarization resistance.
The relationship between the current of the electrochemical reaction and the overpotential can
be described by the Tafel equation [393]:

n =a+ blog(i)
In this context:
n represents the overpotential,
i denotes the current density,

a and b are constants.
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According to the Tafel equation, the current density of the electrochemical reaction increases
exponentially with the rise in electrode potential, leading to an elevated reaction rate. This
decrease in the activation energy barrier for the electrode reaction results in a reduction of

polarization resistance.
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Figure 4.11. a) Ohmic resistance (Ra) and b) polarization resistance (Rp) were calculated based

on the fit result of impedance spectra of Figure 4.10a,b,c.

As the experimental voltage increases, there is a marked decrease in polarization resistance
(Rp). At 1.0 V, the Rp of the impregnated cells reduces to a range of 8 to 18 Q/cm?, and at 1.5
V, it further declines to between 5 and 8 Q/cm?. The Rp for the reference cell at 1.5 V decreases
to 25 Q/cm?, representing only 6.5% of its initial value.

The results observed after CeOy infiltration align with the previously described pattern for
NiCeOx (Figure 4.12). The modified electrolysis cells consistently demonstrate lower
impedance values. Notably, the cells impregnated with 5 pL of CeOy exhibit the lowest
impedance values for both Ra and Rp. More specifically, as presented in Figure 4.13, the fitted
results indicate that in Figure 4.13a, the Ra of the reference sample and the 5Ce sample remains
relatively constant, while the Ra of the 10Ce sample increases with rising voltage. In Figure
4.13b, the Ry of the 10Ce sample exhibits the most significant variation, rapidly decreasing
from approximately 600 Q/cm? at 0.5V to about 23 Q/cm? at 1.0 V. This behavior clearly
illustrates that the agglomeration effect of the 10Ce nanoparticles at the electrode surface
adversely affects the conductivity of the Ni/YSZ surface conductive layer and alters the rate of
electrochemical reactions during the transition from low to high voltage in the activation-

controlled phase [386,394,395].
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Figure 4.12. Potential static EIS of samples loaded with 3 different amounts of CeOy at three
different voltages, a) for 0.5V, b) for 1.0 V and ¢) for 1.5 V.
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Figure 4.13. a) Ohmic resistance (Rq) and b) polarization resistance (Rp) were calculated based

on the impedance spectra of Figure 4.12a,b,c.

These findings validate that the incorporation of CeOy NPs effectively lowers the overall
resistance of the cells, similar to the enhancements observed with NiCeOx NPs, albeit with some
differences in efficiency. The reduced impedance values signify an improved electrochemical
activity and enhanced ion transfer within the cell.

The impedance experimental results correlate well with those obtained from the CA
experiments, emphasizing the differences in performance before and after modification, as well
as the varying performance between the two types of nanoparticles. The comparative analysis
of EIS spectra highlights the distinctly modified performances of Ni/YSZ electrodes when are
infliltrated with NiCeOx and CeOy NPs.

4.3.4.4. Staircase linear scan comparison of pristine and infiltrated cells in H;O+H;
electrolysis

The findings from the Staircase linear scan provide additional valuable insights. Each sample
underwent two forward and reverse Staircase linear scans, which can be interpreted as single-

cycle Cyclic Voltammetry curves. Notably, there is minimal difference between the two scans
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for each sample, indicating stability and reversibility. To enhance clarity, the reverse scans are
omitted in Figure 4.14.

In Figure 4.14a, which shows the curves for samples with varying NiCeOx loading amounts, it
is evident that the reference cell consistently demonstrates the lowest performance across all
voltage levels. Interestingly, the performance of the samples does not follow a simple trend of
increasing current with greater loading amounts; for instance, the 20 pL and 40 pL samples
display lower currents than the 10 pL sample at voltages below 0.8 V.

We noted that the initially lower-performing 20 pL, 40 uL, and 160 pL samples begin to show
improvement after 0.8 V. The Staircase linear scan results clearly illustrate the trend of
increasing electrolysis current with higher applied voltage. Throughout the voltage scan
experiments, the 80 ulL sample generally maintained the highest electrolysis current, only
equaled by the 160 pL sample after 1.0 V and eventually being slightly surpassed. These results
indicate that NiCeOx NPs significantly promote the electrochemical activity of the cell,

irrespective of the specific loading quantity.
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Figure 4.14. a) Staircase linear scan of different NiCeOx impregnated cell under potential scans
between 0~1.5V; b) Staircase linear scan of different CeOy impregnated cell under potential

scans between 0~1.5V.

From Figure 4.14b, it is evident that the 5 pL CeOy impregnated sample achieves the highest
electrolysis current across all scanned voltages. Notably, the 10 pL CeOy modified sample
initially exhibits lower performance than the reference cell in the low voltage range; however,
this trend reverses after 0.8V, with the 10 pL sample outperforming the reference cell. Based
on these experimental results, we draw a conclusion similar to that for NiCeOx: an appropriate
loading of CeOy can enhance both non-Faradaic current (Current at low voltage) and Faradaic

current (Current at higher voltage) of the Ni/YSZ electrode. However, exceeding the optimal
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loading amount can impede the non-Faradaic current. It is only when the electrochemical
reactions commence that the presence of CeOy NPs significantly boosts the Faradaic current.

These findings underscore the necessity of optimizing the nanoparticle loading amount to
balance enhancement effects and avoid excessive infiltration, which may hinder performance

at lower voltages.

4.3.4.5. Medium-term stability comparison of pristine and infiltrated cells in HO+H>

In the final stage of our electrochemical experiments, we evaluate the stability of each sample
using medium-term chronopotentiometry tests. During these tests, the cell is maintained at a
constant current throughout the electrolysis process, while the cell voltage is continuously
recorded as a function of time. We selected a current density of 25 mA/cm? for these tests,
based on preliminary experiments that ensured it was optimally balanced— neither too low,
which could impede the electrochemical reaction, nor too high, which could risk overloading
the electrochemical workstation during extended assessments. It is also noteworthy that,
considering laboratory safety and equipment limitations, we chose an 18-hour duration for our
long-term experiments. This timeframe was adequate for observing performance differences
among the various samples, as well as assessing the performance degradation of individual

samples. The results of these experiments are presented in Figure 4.15.
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Figure 4.15. long-term performance test of a) 6 NiCeOx infiltrated cells and b) 3 CeOy
infiltrated cells. Reaction conditions: 6 mbar H>O+H2(50%+50%) at 700 °C.

As illustrated in Figure 4.15a, although all cells show a quite important degradation of their
performance, manifested by the voltage increase, the 80NiCe sample consistently demonstrates
the lowest degradation rate, around 17 mV/h, with the 160NiCe sample showing comparable
results. The 10NiCe, 20NiCe, and 40NiCe samples fall into a second tier of performance, while
the Ref sample exhibits the poorest stability with degradation rate of 38mV/h, displaying a
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noticeable decline in performance after 18 hours. As shown in Figure 4.15b, the 10Ce sample
undergoes rapid degradation within the first hour. After this initial phase, the degradation
stabilizes into a more linear pattern, eventually reaching the voltage level of the Ref sample
after approximately 15 hours. In such short term, the degradation of electrolysis cells might be
caused by the oxidation of the Ni/YSZ electrode surface [198], or the coarsening of nickel
particles [197].

A notable feature observed across all samples is a time-varying oscillatory pattern, with an
average cycle of approximately 160 minutes. Similar experiments conducted with Ni/GDC
samples under the same electrolysis conditions (not included in this thesis) also exhibited a
comparable periodic wave phenomenon, though with smaller and more organized amplitudes
compared to Ni/YSZ. The changes in oxidation and reduction states on the surface are expected
to occur over a short duration and remain stable, making periodic reversals unlikely. We
hypothesize that this phenomenon is likely linked to a passivation process that can be
reactivated, which is influenced by the oxidation of the electrode surface by the produced
oxygen. Since our system operates with both the cathode and anode in a single reaction chamber,
the supply and product gases both interact with the electrode surface, affecting the oxidation
state of the Ni. The oxygen produced at the platinum electrode can oxidize nickel at the cathode,
which not only reduces the electronic conductivity but also results in the gradual disappearance
of TPBs and 2PBs. This diminishes contact with the gas, reducing the amount of product
oxygen until it can no longer compete with the supply hydrogen and product hydrogen. At this
stage, the hydrogen in the gas supply primarily acts to reduce the electrode surface, gradually
restoring the electrochemical reaction, leading to the observed electrochemical oscillation. In
the pure steam electrolysis experiments, without supplied hydrogen, only the competing

product gases (H2 and O2) interact, making the voltage oscillations even more pronounced.
4.3.5 XRD Analysis of Post-Electrolysis Cells

After the electrolysis experiments, the samples were analyzed using XRD. It is important to
note that the samples were exposed to air during both the transfer to the XRD instrument and
the XRD measurements. This exposure likely affected the oxidation state of nickel in an
uncontrolled manner, preventing reliable conclusions about the nickel oxidation state during
the electrolysis reaction. The diffractograms in Figures 4.16a and 4.16c reveal peaks
corresponding to both metallic Ni and NiO, indicating that nickel remains in a partially oxidized
state in both electrodes. Additionally, no shift in the diffraction peaks is observed between the
reference Ni/YSZ and the modified samples, suggesting that the incorporation of ceria-based
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nanoparticles does not alter the bulk structure of the Ni/YSZ electrode. A closer examination
of the region where ceria diffraction peaks are expected, shown in Figures 4.16b, reveals that
the CeOz signal is only clearly detectable at the highest nanoparticle loading (160 NiCe). This
finding suggests that, at this concentration, NiCe nanoparticles begin to agglomerate into larger
particles, resulting in a detectable XRD signal. The formation of larger particles may eventually
block the pores of the electrode, potentially explaining the decline in cell performance
mentioned earlier.

In the case of the electrodes infiltrated with CeO:2 nanoparticles, the diffractograms in Figure
4.16d do not show any detectable ceria-related peaks. This absence of signal is likely due to the
small volume of infiltrated solution in these samples. It also serves as evidence that the decline
in the H20 electrolysis performance of 10Ce sample, evidenced in Figure 4.8d, cannot be due
to significant pore blocking, as larger particles would have been detectable in the diffractograms
if pore obstruction had occurred. Additionally, considering that the cell’s Ohmic resistance
remains largely unaffected after CeO2 nanoparticle infiltration, as demonstrated by the EIS data
in Figure 4.13a, it can be inferred that the deactivation effect of CeO: nanoparticles may be
linked to their poor electrocatalytic properties for H2O electrolysis compared to doped NiCe

particles. This hypothesis underscores the need for a more detailed analysis of the surface
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Figure 4.16. Postmortem XRD characterization of the Ni/YSZ cells infiltrated with a),b)
NiCeOx NPs and ¢),d) CeOy NPs
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4.3.6 NAP-XPS Analysis of Ni-Doped and undoped CeQO, Nanoparticles

NAP-XPS experiments were conducted at the HIPPIE beamline of the MAX IV synchrotron
facility in Sweden. For the sample preparation, nanoparticles from a suspension were deposited
onto a thin gold foil. A fine layer of carbon adhesive tape was used to divide the central area of
the foil into separate sections, preventing cross-contamination of nanoparticles due to the
surface tension of the hexane solvent. Before conducting the photoemission measurements, the
adhesive tape was removed since it could not withstand high temperatures. For each type of
nanoparticle, we deposited 10 uL (approximately 0.05 mg) evenly onto the designated areas.
The samples were then subjected to a drying and a calcination process at 450 °C in air to remove
the oleylamine coating, leaving only the nanoparticles on the gold foil for subsequent analysis
(see Figure 4.17 e).

The sample was exposed to 1 mbar of Hz and heated from the backside using an IR laser, with
the temperature monitored by a K-type thermocouple attached beneath the gold foil. The
temperature was stepwise increased to 400 °C, 450 °C, 500 °C, and 550 °C at a rate of 10
°C/min. Each target temperature was maintained for 10 minutes before cooling to 250 °C for
NAP-XPS characterization. Uniform heating ensured consistent reduction times across all
nanoparticles on the gold foil. Cooling to 250 °C before photoemission measurements is crucial
for maintaining the stability of the samples' oxidation states during NAP-XPS analysis. Two
different photon energies (1065 eV and 1800 eV) were used to analyze each sample, with the
goal of comparing the chemical states of the surface and subsurface layers and identifying any
potential layered structures in the nanoparticles.

The Ce 3d region of both samples and in the two analysis depths is presented together in Figures
4.17a, b, ¢, and d. After fitting the Ce 3d spectra using Ce** and Ce*" reference curves, the
average Ce valence for both analysis depths is plotted in Figure 4.17f. Reduction is evident for
both nanoparticle types at 400 °C in the surface-sensitive mode (hv = 1065 eV), with surface
layers showing a greater degree of reduction than deeper layers, indicating that Ce** is
preferentially located at the surface. However, notable differences exist between the two
nanoparticle types: CeOy shows a gradual reduction with increasing temperature, while NiCeOx
undergoes rapid reduction at 450 °C, followed by a slowdown from 450 °C to 550 °C.
Additionally, the mean valence state of NiCeOx is consistently lower than that of CeOy by
approximately 0.32 (shallow layer) and 0.2 (deep layer). This finding highlights a clear
difference in the reducibility between the two types of ceria particles, which may explain their

differences in their promotion efficiencies of the electrolysis reaction. In particular, higher
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reducibility is related with higher electronic conductivity and the ability of reduced ceria to
accommodate oxygen ions, while might also provide additional sites for H>O adsorption. These

factors are expected to be beneficial for enhancing electrolysis performance.
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Figure 4.17. a) Spectra of Ce in NiCe NPs via photon energy 1065 eV at 400 °C, 450 °C, 500
°C and 550 °C during NAP-XPS measurement under 1 mbar H, atomsphere; b) Spectra of Ce
in NiCe NPs via photon energy 1800 eV at 4 temperatures during NAP-XPS measurement; c)
Spectra of Ce in CeOy NPs via photon energy 1065 eV at 4 temperatures during NAP-XPS
measurement; d) Spectra of Ce in CeOy NPs via photon energy 1800 eV at 4 temperatures
during NAP-XPS measurement; e) Photograph of gold foil with different nanoparticles
deposited in different areas mounted on the holder; f) Evolution of mean valence of Ce of 2

different NPs corresponding to NAP-XPS results.
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4.4 Origin of the Promotion Mechanism of Ceria-Based NPs on Ni/YSZ electrodes

The presented results demonstrate that infiltrating Ni/YSZ electrodes with Ni-doped CeOx
nanoparticles significantly improves water electrolysis performance, a benefit less pronounced
with the use of CeOy nanoparticles alone. This enhanced activity likely arises from several
factors, including the good oxygen ion conductivity and oxygen storage capacity of ceria, which
are known to be beneficial for the performance and stability of both SOEC and SOFC
operations [396-398]. NAP-XPS measurements reveal that Ni enhances the reducibility of
CeO2, which in turn reinforces oxygen ion conductivity and oxygen storage capacity.
Additionally, optimizing the size and morphology of CeO:-based nanoparticles further
enhances their effectiveness [396,399,400], while their compatibility with Ni and YSZ
contributes to the long-term cell stability [396,401,402]. Ceria NPs have also been shown to
improve the electrochemical reduction of CO2 in SOECs [397,399,403].

Our findings reveal that doping ceria NPs with Ni further boosts the electrochemical
performance of Ni/YSZ cells after infiltration. Several mechanisms may contribute to this
improvement. First, Ni-doped ceria nanoparticles in solution are smaller than undoped ceria
particles, which facilitates better penetration into the electrode's porous structure, minimizing
the risk of pore clogging.

Although our experimental results show a significant reduction in polarization resistance and
enhanced charge transfer in Ni/YSZ cells following infiltration with NiCeOx nanoparticles, it
remains challenging to determine whether these nanoparticles directly participate in the
electrochemical reaction by providing additional reaction sites on the electrode surface.
Nonetheless, theoretical studies of CeO2-Ni systems suggest that Ni-ceria sites are more
favorable than pure Ni for H20 dissociation during steam reduction reactions (see Figure 4.18a)
[287,404—406]. Thus, introducing NiCeOx nanoparticles likely creates additional reaction sites
beyond the well-known Ni-YSZ triple-phase boundary (TPB). These extra reaction sites may
consist of three types:

1. TPB points formed at the interface between Ni grains in Ni/YSZ and ceria nanoparticles,

2. TPB points formed at the interface between Ni dopants and Ce atoms within Ni-doped ceria
nanoparticles (Figure 4.18b), and

3. TPB points at the interface between YSZ and surface-bound ceria particles.

Higher nanoparticle loading could significantly increase the number of reaction sites and may
also create an extensive network of nanoparticles, establishing multiple ion conduction

pathways. Finally, the incorporation of Ni-doped ceria may improve the electrode's
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microstructural stability. Ni/YSZ electrodes are susceptible to degradation over long-term
operation due to Ni coarsening and migration. The addition of Ni-doped ceria nanoparticles

could mitigate this degradation by impeding Ni migration and providing a stabilizing effect.

a) Fo Nig1)
= 0.91
o /090
L NijCen.(111)
— 0.5F
S : /
i s / 0.13
- P e —
= F
o L NiyCeO,{111)
@ ; .
ERE WS
P CeOu(111)
-1 [ &
| 1
H,O TS

2
Figure 4.18. a) Reaction energy profile for H2O dissociation on the CeO2x (111),
Nii1/CeO2(111), Nia/CeO2(111), and Ni(111) surfaces. Reproduced with permission of Ref.
[404]; b) Schematic of H20 atoms undergo redox reactions on the active sites of doped Ni and
Ce.

4.5 Conclusions

This chapter examined the performance enhancement of both Ni-doped and undoped ceria NPs
on the Ni/YSZ cathode for water electrolysis. In summary, ceria NP infiltration effectively
enhances the electrochemical performance and stability of the Ni/YSZ cathode, offering a
promising strategy for advancing hydrogen production technologies. Notably, Ni-doped ceria
NPs significantly reduce polarization resistance and improve charge transfer in the Ni/YSZ cell,
leading to superior electrochemical activity and increased Hz production compared to undoped
CeOy NPs. This improvement is likely due to differences in the NPs sizes and the formation of

additional electrocatalytic active sites on the Ni/YSZ surface.
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5.1 Introduction

In the previous chapter, it was demonstrated that doping ceria nanoparticles with Ni enhances
their capacity to improve the electrocatalytic performance of Ni/YSZ electrodes. This prompted
us to explore whether elements other than Ni can be doped into CeOx nanoparticles to improve
the performance of Ni/YSZ SOEC. Thus, we aim to determine if there are other dopant
elements, besides Ni, that can enhance the electrocatalytic performance of Ni/YSZ electrodes
in water electrolysis.
In solid oxide electrodes, numerous perovskite-based SOFC or SOEC electrodes incorporate
vanadium [407—412]. Vanadium (V), as a transition metal, exhibits multiple oxidation states
(e.g., V¥, V¥ V# V3 It enhances electronic and oxygen ion conductivities, promotes redox
reactions, improves electrochemical and chemical stability, adjusts the thermal expansion
coefficient, and boosts electrocatalytic performance [413—421]. Consequently, vanadium plays
a crucial role in electrochemical applications and is a good potential candidate for the puropose
of this thesis.
According to Zhou et al. [422], who studied LSCF type perovskite electrodes, the introduction
of vanadium into LaosSrosFei«V.0ss (LSFC) SOEC cathodes promotes the formation of oxygen
vacancies in LSFVx/GDC. Vanadium doping can introduce additional O/0O* and Fe*'/Fe*" as
well as V3*/V* electron pairs, which enhance charge transfer and oxygen ion transport in
LSFVx/GDC. When compared to LSF/GDC, the LSFV0.0s/GDC cathode demonstrated 51.2%
increase in current density at 1.6 V and 800 °C. Kisa et al. [423] conducted a study on the impact
of vanadium doping on the crystal structure and electrical properties of LaVSrCo perovskite
oxide used as SOFC cathode material. Their findings indicated that substituting La*" cations
with V#/V3* cations within the perovskite structure enhances ionic conductivity and the
catalytic activity for the oxygen reduction reaction. Additionally, Vo at al. [424] discussed the
effects of vanadium deficiency on the catalyst stability in La-Sr-Vanadate (LSV) SOFC anodes.
The researchers examined LSV anodes with varying degrees of vanadium deficiency and found
that the electronic conductivity of LSV decreased as the level of vanadium deficiency increased.
They also observed that the addition of CeO: further stabilized the anode performance. These
studies collectively underscore the significant role of vanadium in applications related to solid
oxide cell electrodes. However, research on the infiltration modification of Ni/YSZ SOEC
electrodes with V and Ce co-doped nanoparticles remains relatively unexplored.
Cobalt is another widely used transition metal due to its excellent electrocatalytic and catalytic
properties in oxygen reduction and evolution reactions. Positioned adjacent to Ni in the periodic
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table, cobalt can integrate into the Ni lattice similarly to Fe. The easy transition between Co(I11),
Co(II), and Co° oxidation states can lead to modifications in the electronic properties of Ni-
based catalysts [425,426]. Research by Alrafei et al. [427] demonstrated that Co enhances both
the reducibility and dispersion of the Ni phase. However, as the operating temperature
decreases, one significant drawback of cobalt-containing perovskite materials is their high
coefficient of thermal expansion (CTE) [428,429]. This limitation might be circumvented
through surface infiltration techniques. Blaszczak and colleagues modified SOEC with a small
amount of cobalt, discovering that the addition of Co significantly improved the
electrochemical efficiency of co-electrolysis of water and CO:2 [430]. Other researchers have
experimented with modifying solid oxide electrodes by adding elements like Fe and Cu,
achieving promising results [431-438].

In this chapter, we primarily focus on studying the elements vanadium (V) and cobalt (Co) as
dopants of ceria nanoparticles. We replicated the nanoparticle synthesis methods described in
the preceding chapters, substituting the doped Ni with V and Co. This led to the synthesis of
CeOy doped with V and Co. Subsequently, we tested the performance of CeOy doped with these
two catalytic elements, and conducted synchrotron-based characterizations to better understand

the physicochemical caracteristics of these particles.

5.2 Materials and methods

5.2.1 Synthesis of VOx nanoparticles

In this part, we will introduce various synthesis methods for vanadium nanoparticles. Bergerud
et al. [439] developed a colloidal route to synthesize vanadium sesquioxide (V203) nanocrystals
with a metastable bixbyite crystal structure. They synthesized V203 with a nanoflower
morphology directly by vacuum heating and stirring vanadyl acetylacetonate with oleylamine
and oleic acid in squalane. This oxidation of the bixbyite phase is also observed in the cerium
oxide system with bixbyite Ce203 readily transforming to fluorite CeO2 under oxidizing
conditions, made possible by the facile conversion between cerium oxidation states [440] and
allows for size control through adjustments in synthesis temperature and duration. Dewangan
et al. [441] used a two-stage synthesis process to produce vanadium nitride (VN) nanocrystals
for superconducting applications. Similarly, they used oleylamine as a surfactant and thermally
decomposed vanadium (III) acetylacetonate [V(acac)s] precursor in diphenyl ether, obtaining
monodisperse amorphous VOx nanoparticles with an average size of about 4.64 nm. Based on

the synthesis techniques reported in the literature and our prior work, we selected three
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synthesis pathways to prepare VOx nanoparticles. After synthesis all nanoparticles, were
characterized by DLS, dried and calcined part of the solution to performed XRD
characterization tests.

5.2.1.1 1%t Synthesis method of VO

In the first synthesis (schematically shown in Figure 5.1), we weighed 1.913 g (0.005 mol) of
V(acac)s and placed it into a round-bottom flask. An appropriate amount of oleylamine was
added, and the flask was connected to a vacuum apparatus. After evacuating the air, nitrogen
gas was introduced. The flask was then heated to 250 °C and maintained at this temperature for
1 hour. After heating, the mixture was cooled at room temperature. The reaction mixture was
transferred to a centrifuge tube for centrifugation, and the supernatant was collected. The
supernatant was then divided into four centrifuge tubes, each containing 5 mL of methanol. The
mixture was shaken well for extraction. After centrifugation, the supernatant was discarded,
and the solid precipitate was collected. Hexane was added to the precipitate to disperse and
dissolve the separated nanoparticles, forming the desired nanoparticles for subsequent
infiltration. Due to the unique chelating structure of V(acac)s, where V ions are encapsulated
within the coordination structure, it readily forms dispersed nanoparticles and gets encapsulated
by oleylamine. During the subsequent methanol extraction process, the nanoparticles are

effectively separated. We refer to these nanoparticles as VOx nanoparticles.
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Figure 5.1. The first synthetic route for VOx nanoparticles

5.2.1.2 2™ Synthesis method of VOx

In the second synthesis pathway, V(acac); was used as a substitute for Ce(NO3)3 in the
production of CeOx nanoparticles. Specifically, 3.255 g (0.01 mol) of V(acac)s were measured.
The following synthesis steps mirrored those outlined in Chapter 4. Initially, Schiff base
complexes (V-L) were synthesized by mixing o-vanillin, 1,3-diaminopropane, and V(acac)s in
methanol, under reflux at 80 °C for 2 hours. Subsequently, nanoparticles were formed by mixing
the Schiff base V and subjecting it to pyrolysis in an oleylamine medium at 180 °C under an

inert N2 atmosphere. After the synthesis, methanol was used to precipitate the nanoparticles,
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which were then collected by centrifugation and dispersed in a hexane solution (as shown in
Figure 5.2). Despite the similarities with the main synthesis steps described above, there were
some notable differences during the synthesis process.

Upon completion of the synthesis of the vanadium-containing Schiff base (referred to as V-L
in Figure 5.2), the reaction mixture was filtered using a vacuum apparatus. The collected solid
product was distinctly different from the Ce-L product. During the crystallization of the Schiff
base V, very noticeable needle-like crystals were observed. The filtered product was a fine, wet,
orange clay-like material that could not be fully dried to a powder, unlike Ce-L, which, after
drying, resulted in a loose, fine, bright yellow powder.

After obtaining Schiff base V, it was then dissolved in 40 mL of oleylamine. The mixture was
stirred and heated under a pure nitrogen atmosphere. The temperature was raised to 200 °C until
all solids were dissolved, then cooled to 180 °C for one hour of synthesis. This detailed approach
ensures the accurate synthesis of V-L nanoparticles(V-L NPs, different from the intermediate
product V-L mentioned above), crucial for their application in enhancing the performance of

Ni1/YSZ electrodes.
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Figure 5.2. Synthesis route of V-L nanoparticles

5.2.1.3 3" Synthesis method of VO

The third synthesis pathway is largely similar to the second one, with a few modifications aimed
at achieving smaller nanoparticle sizes. In this method, we added 7.92 g (0.03 mol) of 1-
octadecanol to the oleylamine and increased the synthesis temperature to 250 °C, while
reducing the duration to 20 minutes. This adjustment was prompted by the results from the
second synthesis pathway, where the V-L nanoparticles, after calcination and characterization
via XRD, were found to have an average particle size of approximately 40 nm, which was larger
than desired. Based on insights from literature [442,443], we incorporated 1-octadecanol in the
synthesis process to produce smaller vanadium nanoparticles. Smaller particle sizes are
generally advantageous as they can penetrate easily into the porous structure of the electrode,
creating more interfaces and potentially enhancing the performance of the electrochemical cell.

We refer to these synthesized nanoparticles as V-octa nanoparticles.
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5.2.2 Synthesis method of VCeOx and CoCeOx

We adapted the synthesis method for NiCeOx nanoparticles described in Chapter 4 to synthesize
VCeOx and CoCeOx nanoparticles. First, we synthesized the Schiff base complexes of the
different elements: Ce-L, V-L, and Co-Ce-L. For the synthesis of V-doped Ce nanoparticles,
we took 3.19 g of the cerium-containing Schiff base complex Ce-L and 2.66 g of the vanadium-
containing Schiff base complex V-L (1:1 molar ratio). These compounds were thoroughly
ground and mixed before being added to 40 mL of oleylamine. The mixture was stirred and
heated to 200 °C until all solids were dissolved, then cooled to 180 °C for 1 hour to complete
the synthesis. Subsequent steps included filtering, drying, extraction, and dispersion.

For the synthesis of Co-doped Ce nanoparticles, we directly measured 2.8 g each of Co-Ce-L
and Ce-L, also in a 1:1 molar ratio. The two complexes were thoroughly ground and mixed,
then added to 40 mL of oleylamine. The mixture was stirred and heated to 200 °C until all solids
were dissolved, then cooled to 180 °C for 1 hour. Subsequent steps of filtering, drying,

extraction, and dispersion were carried out as previously described.
5.2.3 NAP-XPS experiment of V and Co doped CeOy nanoparticles

NAP-XPS experiments were conducted at the MAX IV HIPPIE facility in Lund, Sweden. The
samples were prepared by depositing nanoparticle suspensions onto a thin gold foil, as
described in detail in paragraph 4.3.6. For each type of nanoparticle, 10 pL (approximately 0.05
mg NPs) of the suspension was uniformly deposited on a designated area. The specific
arrangement of the samples on the gold foil and their placement in the holder are illustrated in

Figure 5.3.

Figure 5.3. Position distribution of four different nanoparticles loaded on the gold foil on the
holder
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5.2.4 XAFS experiments at BM23 XAS beam line, ESRF

X-ray Absorption Fine Structure (XAFS) experiments were conducted at the BM23 beamline
of the European synchrotron radiation facility (ESRF) [444], described in paragraph 2.4. During
the XANES measurements, the temperature was gradually increased while the sample was

exposed to a 1 bar hydrogen flow.
5.2.5 Electrochemical reactor and electrolysis methods

The electrolysis experiments were conducted in two separate reactors described in paragraphs
2.2.1 and 2.2.2. The first set of tests focused on evaluating the electrochemical performance of
VOx nanoparticle-modified electrodes in H20 electrolysis. These tests were conducted using
the flow-through reaction chamber of the in-house device described in Section 2.2.1 of Chapter
2. Complete cells, with an area of approximately 78.5 mm? were directly mounted onto a
ceramic heater using stainless steel clamps. Gold mesh was employed as the current collector
for both the cathode and anode sides, as depicted in Figure 2.5 of Chapter 2. The temperature
was controlled by a K-type thermocouple installed on the side of the heater. The electrolysis
testing conditions were as follows, 100% H20 atmosphere (without dilution or reducing gas) at
1 mbar and a medium-high temperature of 700 £ 5 °C (limited by the test apparatus). Before
each electrochemical test, the electrodes were calcined at 400 °C in 1.0 mbar O2 for 30 minutes
to remove residual carbon and organic residues. Following this, they were reduced at 550 °C in
1.0 mbar Hz for 30 minutes.

The second set of electrolysis experiments focused on evaluating the electrochemical
performance of VCeOx and CoCeOx nanoparticle-modified electrodes. The reaction setup used
was the flow-through reaction chamber described in Section 2.2.2 of Chapter 2, and the samples
were evaluated at 1 mbar under H2O/H2 atmosphere (50% H20/50% Hz) at 700 = 10 °C.
Electrochemical cells with an area of approximately 78.5 mm? were secured on a quartz sample
holder, similar to the one shown in Figure 4.3b, using two stainless steel clamps and heated by
infrared lamps. Platinum mesh and gold mesh were used as current collectors on the anode and
cathode sides, respectively. These were connected to a potentiostat using corresponding gold
wires. The temperature was monitored by a thermocouple installed on the quartz sample holder.
Before conducting the electrochemical tests, the electrodes were oxidized at 600 °C in 1 mbar
O: for 30 minutes and then reduced at 700 °C in 1.0 mbar Hz for 30 minutes. Following these
pretreatments, the H20 and CO:z electrolysis experiments were performed under the specified

conditions.
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Electrochemical experiments were conducted on the same button cell before and after
modification with different nanoparticles (NPs). This approach allowed us to focus on the
effects of surface modification and eliminate uncertainties that could arise from differences in
the bulk properties of the cells. By following this methodology, we ensured that any observed
changes in electrochemical performance were attributed to the surface modifications of the

electrodes with VOx, VCeOx, and CoCeOx nanoparticles.

5.3 Results

5.3.1 Characterization of vanadium oxide-based nanoparticles

After synthesizing the Schiff base complex intermediate V-L, we confirmed its structure to
ensure the formation of the desired Schiff base complex before proceeding to further synthesis
steps. The infrared absorption spectrum of the powder sample was measured in air at room
temperature using a FTIR spectrometer as mentioned in Chapter 2. Background subtraction was
performed prior to collecting the sample spectra. The infrared wavelength range was 4000-400
cm’!, with 30 scans at a resolution of 0.5 cm™.

The infrared absorption spectrum is displayed in Figure 5.4. From this spectrum, it can be
observed that the Schiff base complex intermediate, V-L, exhibits characteristic peaks that
differ significantly from those of the starting materials, V(acac)s and o-vanillin. In the low-
energy band region of the V-L complex (1200-1700 cm™), a series of absorption peaks are
observed, which are attributed to the characteristic peaks of Ce-L [386,445-448]. Specifically,
the absorption band at 1626 cm™ is assigned to the stretching frequency of the azomethine group
v(C=N), indicating the presence of an imine group and confirming the formation of the Schiff
base. Additionally, bands corresponding to v(C=C) and v(C-O) appear at 1445 cm™' and 1241
cm’!, respectively. The complex bands that seen at 2750-2950 cm™' are represent the -CH3
group. This characterization verifies the successful synthesis of the nanoparticle intermediate

complex.
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Figure 5.3. Comparison of FTIR results of Schiff base complex intermediate of V-L with
V(acac)s and o-vanilin

The nanoparticle concentrations in the solutions were estimated using TGA, which revealed
significant variations among the synthesized nanoparticles. The VOx nanoparticles had the
lowest concentration at 0.4 mg/mL, while the Schiff base complex nanoparticles reached the
highest concentration at 8.2 mg/mL. Despite these concentration differences, all nanoparticles
displayed similar agglomeration sizes in solution, ranging from 40 to 50 nm, as determined by
DLS.

For XRD characterization, the three types of vanadium nanoparticles were calcined at 450 °C
with a heating rate of 10 °C/min in an air atmosphere. The XRD patterns (Figure 5.8) showed
vanadium pentoxide (V20s) for all samples, with no other phases detected. Particle size
estimation using the Scherrer formula (Table 5.1) indicated an average particle size of
approximately 37 nm, which is relatively large compared to the cerium-based nanoparticles
discussed in Chapter 3. Reducing the particle size of vanadium-based nanoparticles through

these three synthesis methods remains a significant challenge.

Table 5.1. Concentration and size characterization of three different V-based nanoparticles

Concentration DLS average NPs size
(TGA) (mg/ml) Size (pm) (XRD) (nm)
VO« 0.4 0.04 37
V-L 8.2 0.044 37
V-octa 43 0.048 39
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Figure 5.4. Powder XRD characterization of three V-based nanoparticles after calcination.

5.3.2 Electrolysis performance of Ni/YSZ cells modified by V oxide-based nanoparticles

Following the initial characterization of the three vanadium-based nanoparticle solutions, the
solutions were infiltrated into Ni/YSZ electrodes to assess their electrolytic performance. The
primary focus was on pure water electrolysis experiments. By varying the amounts of
nanoparticles impregnated into the Ni/YSZ electrodes, the potential to enhance electrolytic
performance was evaluated, and the optimal loading amount was determined.

Similar to the study of NiCe nanoparticles described in Chapter 4, the cells were characterized
electrochemically using staircase linear scans, chronopotentiometry (CP), and galvanostatic
electrochemical impedance spectroscopy (EIS). The staircase linear scan was performed over a
voltage range of 0 to 2.5 V with a scanning rate of 5 mV/s. For CP, we applied a constant current
of 25 mA for a duration of 300 seconds, ensuring sufficient time for the electrode to stabilize.
Galvanostatic EIS was conducted immediately after the CP experiment, also at a current of 25
mA. The amplitude was set to 1/10 of the current, and the frequency range spanned from 1000
kHz to 0.05 mHz. During EIS, the scanning frequency was manually stopped upon observing
any abnormal spectra.

The experimental results for Ni/YSZ cells infiltrated with the 3-type of vanadium oxide

particles are summarized in Figure 5.5. From Figure 5.5a, b, and c, it is evident by all three
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measurement techniques that the addition of 50 pL and 100 pL of VOx NPs do not improve,
but rather deteriorate the performance of Ni/YSZ. Specifically, during the 2.5 V linear sweep,
the performance decreases as the loading of VOx nanoparticles increased, a trend also observed
in the CP experiments. Similarly, in Figure 5.5c, the EIS data indicate an increase in
polarization resistance (Rp), particularly for the sample loaded with 50 pL. Although there was
a minor decrease in the ohmic resistances of the cells after infiltration, this reduction does not
appear to be sufficient to positively impact the electrolysis performance.

In case of V-L NPs the electrolysis performance slightly deteriorates after infiltration remains
almost unchanged as shown in Figure 5.5d, e, and f. Considering minor variations in cell
loading and potential experimental system errors, it can be concluded that the infiltration of V-
L nanoparticles had no significant impact on electrolysis performance.

Finally, for V-octa nanoparticles, as shown in Figures 5.5g, h, and i, performance appears to
slightly deteriorate after infiltration. While there were no significant differences among the
three samples during the linear sweep, the reference cell exhibited better performance in the
chronopotentiometry (CP) tests. The impedance results in Figure 5.51 indicate a significant
increase in total impedance for the 25 puL sample, and the 50 pL sample failed to complete the
test.

Overall, these results do not demonstrate any promising effects on the performance of the
Ni/YSZ electrode after infiltration with vanadium-based nanoparticles. It is important to note
that these preliminary test experiments have certain limitations. For example, the actual
concentrations of the three nanoparticle solutions differed, as determined by the synthesis yield,
although the differences were not significant. Another unreported factor is viscosity, which
varied among the solutions. This could be attributed to differences in synthesis temperature,
duration, and the chemicals used. The variation in nanoparticle viscosity affected the
consistency of the infiltration steps. Lastly, the long-term stability of the nanoparticle
suspensions should be addressed. Despite being sealed and refrigerated, the VOx sample
became unusable after approximately 20 days, changing from a fully black solution to a white
precipitate. The other two samples also showed very small amount precipitation over time. This

phenomenon did not occur with the CeOy and NiCeOx nanoparticles.
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Figure 5.5. Characterization results of the electrochemical performance of three vanadium-
based nanoparticles in the electrolysis of pure water, a), b), ¢) are the results of VOx; d), e), f)

represent the characterization results of V-L; Figures g), h), i) are the performance of V-L with

the addition of octadecanol.
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5.3.3 Characterization results of VCeOx and CoCeOx nanoparticles

After synthesizing and testing the -electrochemical performance of vanadium-based
nanoparticles, which did not yield promising results in terms of enhancing electrolysis
performance, we shifted our focus to cerium-based nanoparticles, doped with vanadium and
cobalt. CeVOa nanoparticles find application in catalysts, electrodes, sensors, lubricants, solar
cells, hydrogen storage devices, and supercapacitors [449—455]. Using the previously described
fabrication methods, we successfully synthesized vanadium-doped cerium nanoparticles and
cobalt-doped cerium nanoparticles. After synthesis, the nanoparticles were calcined and
characterized using X-ray diffraction (XRD). As shown in Figure 5.6, the XRD patterns of the
vanadium-doped cerium nanoparticles revealed not only the characteristic peaks of cerium

dioxide but also peaks corresponding to other components, primarily the complex crystal
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structure of CeVO4 [455]. The average nanoparticle size as calculated by the XRD patterns is

approximately 12.9 nm.
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Figure 5.6. XRD data of VCe NPs after calcination

The XRD patterns of the cobalt-doped ceria NPs in Figure 5.7 no distinct cobalt-related peaks
are observed. The average nanoparticle size is about 4.5nm. This suggests that cobalt was well-
incorporated into the cerium oxide lattice. According to the literature, the characteristic peaks
of cobalt-doped nanoparticles diminish in intensity as the cobalt doping level increases,
compared to undoped CeOz. This reduction in peak intensity indicates successful doping of Co
ions into the CeOz lattice. The ionic radius difference between CeO2 and Co-doped CeO:z is
likely responsible for the observed decrease in peak intensity. Thus, the XRD results confirm
that cobalt is effectively doped into the cerium nanoparticles, potentially enhancing their

properties without forming separate cobalt oxide phases.

[ ]
@ CcO,

Intensity (a.u.)

10 20 30 40 50 60 70 80
20 (degree)

Figure 5.7. XRD data of CoCe NPs after calcination
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5.3.4 Effect of V and Co doping on the redox properties of CeOy nanoparticles

The surface state of doped CeOy nanoparticles, was studied by NAP-XPS experiments under 1
mbar of Hz at the HIPPIE beamline of the MAX IV synchrotron in Sweden. We selected
temperatures from 200 °C to 800 °C and a heating rate of 10 °C/min. After reaching the set
temperature, the samples were measure by XPS immediately. Stability tests showed that the
spectra remained almost identical at a certain temperature for at least hour. To compare with
previous studies, we also introduced NiCeOx NPs and CeOy NPs alongside VCe and CoCe NPs
for testing. The oxidation state of ceria, was estimated from the Ce 3d peak fitting and expressed
as the mean ceria valence. According to the results shown in Figure 5.8, the four types of
nanoparticles exhibit different surface reducibility. Notably, VCe nanoparticles show the most
distinctive behavior. They undergo rapid reduction between 200 °C and 400 °C, and by 400 °C
to 600 °C, they are almost completely reduced to trivalent Ce.

In contrast, CeOy nanoparticles display the most gradual and consistent reduction curve, with a
nearly uniform slope throughout the entire temperature range. Interestingly, if we focus on the
NiCe and CoCe nanoparticles, their reduction curves closely resemble that of Ce up until about
500 °C. The sharp change occurs between 500 °C and 550 °C, where the presence of Ni and Co
elements causes a rapid reduction of Ce. From 550 °C to 800 °C, the reduction trends of both
NiCe and CoCe nanoparticles become much more gradual. The reduction curves of these
nanoparticles remain largely consistent with the overall trend up to 700 °C to 800 °C.

From these observations, we can conclude that both Ni and Co dopings enhance the reduction
ceria NPs. Notably, VCe NPs nanoparticles exhibit superior reducibility, achieving nearly

complete reduction to Ce** at temperatures as low as 400 °C.
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Figure 5.8. Fitting result of NiCe, CoCe and VCe nanoparticles’ effect on redox property of

Ceria
5.3.5 Electrolytic performance of Ni/YSZ modificatied by VCeOx and CoCeQOx NPs

The influence of V and Co-doped ceria NPs on the water electrolysis performance of Ni/YSZ
electrodes was investigated next. The NPs were prepared using a similar infiltration method as
described for NiCe NPs. The performance of electrodes with two different NP loadings was
evaluated using staircase linear sweep voltammetry, CA, and electrochemical impedance
spectroscopy. For the CoCe-modified cells the staircase linear scan experiments (Figure 5.9a)
demonstrated an increase of current density up to 50% at 1V compared to the unmodified
Ni/YSZ reference cell. Doubling the loading of CoCe nanoparticles did not lead to any
significant improvement in electrolysis performance. Following this, we carried out CA
(chronoamperometry) experiments by applying a constant voltage of 1 V for 300 seconds. The
results aligned with those from the Staircase linear scan, showing that while the performance
improved after the infiltration of CoCe nanoparticles relative to the reference sample, further

increasing the infiltration amount did not lead to significant current enhancement.
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Figure 5.9. a) H>O + H: Staircase linear scan electrolysis experimental results of CoCe NPs
with different loading amounts; b) CA electrolysis results of H2O + H2 with different loadings
of CoCe NPs. Please note that different loadings of NPs solution were impregnated on the same

Ni/YSZ electrode.

The impedance spectroscopy results in Figure 5.10 show that the reference sample has the
highest ohmic (Rohmic) and the lowest polarization resistance (Rp) among the three. As the
infiltration amount of CoCe nanoparticles increases, the Ronmic decreases while the Rp increases.
This trend contrasts with the results observed for NiCe NPs infiltration, suggesting that the

mechanism enhancing electrochemical performance is closely related to the specific dopant ion

in ceria.
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Figure 5.10. a) EIS of H20 + Hz results with different CoCe NPs loadings; b) Rohmic and Rp
calculated based on the EIS. Please note that different loadings of NPs solution were

impregnated on the same Ni/YSZ electrode.

In the VCe-modified Ni/YSZ cells, the staircase linear scan and CA tests shown in Figure 5.11
indicate a decline in electrolysis performance following infiltration. As the VCe loading amount

increases, the performance further deteriorates.
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Figure 5.11. a) H2O + H» Staircase linear scan experimental results of different loading
amounts of VCe NPs; b) CA electrolysis results of H2O + Hz with different loadings of VCe
NPs Please note that different loadings of NPs solution were impregnated on the same Ni/YSZ

electrode.

This trend became more pronounced in the impedance spectroscopy results (Figure 5.12). As
the loading of VCe nanoparticles increases, the ohmic resistance remained relatively

unchanged, while the polarization resistance increased sharply with the infiltration amount,
reaching 38Q).
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Figure 5.12. a) EIS of H20 + Hz results with different VCe NPs loadings; b) Rohmic and Rp

calculated based on the EIS. Please note that different loadings of NPs solution were

impregnated on the same Ni/YSZ electrode.
5.3.6 In situ XAFS Investigation of NPs effect on the Ni/YSZ Reducibility

In this section, Ni/YSZ electrodes, both with and without NPs modification, are investigated
using in situ X-ray Absorption Fine Structure (XAFS) to assess the impact of these NPs on the
reducibility of Ni within the Ni/YSZ cermet electrode. The samples examined included
unmodified Ni/YSZ, as well as Ni/YSZ modified with 5Ce, 40CoCe, 80NiCe, and 40VCe
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(sample codes follow the abbreviations used throughout this manuscript). Prior to XAFS
measurements, each sample underwent electrolysis in the setup described in Section 5.2.5, and
was calcined in a muffle furnace at 600°C (heating rate of 10°C/min) for one hour before being
introduced into the XAFS cell. After recording XAFS spectra at room temperature, the
temperature raised to 480 °C with a rate of 8 °C/m in 1 bar H2 while the Ni K-edge was recorded
continusly during heating. Three consequitive scans were taken at 480 °C to confirm that the
sample attained the equilibrium state. Data analysis was carried out by the "Analysis Toolkit
for XAS data” using normalization parameters such as energy shift (AEo), pre-edge range, and
norm range corresponding to those used in the Athena and Larch software packages.

Figures 5.13a and 5.13b display characteristic Ni K-edge XANES and FT-EXAFS spectra,
respectively, for a Ni/YSZ electrode infiltrated with CeO2 nanoparticles (5Ce), recorded across
a temperature range from 25°C to 480°C. A qualitative comparison in the XANES region
(Figure 5.13a) between the Ni/YSZ sample and the reference spectra for NiO (black) and Ni’
(gray) reveals that, at room temperature, the sample spectra closely resemble to those of Ni’
phase. However, the prominent white line, particularly visible at room temperature, suggests
the coexisting of NiO phase. It should be noted that the rising edge of the Ni K-edge spectra for
the 5Ce Ni/YSZ electrode appears more intense than that of the metallic reference. This
increased intensity is attributed to the high Ni concentration within the Ni/YSZ electrode
(approximately 60%), which is known to cause distortions in fluorescence spectra [456].

In the FT-EXAFS magnitude plot (Figure 5.13b), peaks corresponding to scattering from
metallic Ni’ (Ni-Nini) are clearly observed. Additionally, smaller yet distinct peaks associated
with Ni-O scattering from oxidized NiO (Ni-Onio) and Ni-Ni from NiO (Ni-Ninio) interactions
are present [457,458], confirming that nickel exists in a mixed oxidation state of metallic Ni
and NiO. As the temperature increases, the intensity of these spectral bands decreases, which
is consistent with expectations, as higher temperatures increase the Debye-Waller factor,
thereby reducing the intensity of these coordination shells [459,460].

Figure 5.13c illustrates the relative abundance of Ni® and NiO, estimated by linear combination
fitting (LCF) of Ni K-edge XANES spectra, using reference peaks for Ni’ and NiO. As evident,
the reduction of NiO procceds in two distinct steps, beginning at approximately 300°C and
450°C, respectively. It should be noted that while LCF analysis qualitatively captures the
evolution in the NiO reduction in Hz, it lacks precision in determining the absolute Ni oxidation

state due to uncertainties in the utilized reference spectra.
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Figure 5.13. a) Ni references and the Ni/YSZ electrode infiltrated with CeO2 nanoparticles,
showing Ni K-edge XANES from room temperature (RT) to 480 °C; b) Modulus of the Fourier
transform of the k3-weighted Ni K-edge EXAFS for the Ni reference (black and gray) and the
temperature-programmed reduced Ni/YSZ electrode infiltrated with CeO: (colored); c)
Relative abundance of Ni’ and NiO in the sample calculated via Linear Combination Fitting

(LCF) using reference spectra.

To compare the effect of various infiltrated NPs on nickel reducibility, the XANES and FT-
EXAFS spectra of all samples measured at 25°C and 480°C are plotted in Figure 5.14a and
5.14b, respectivelly. In the FT-EXAFS plots, the Ni-Ni path of Ni’ are labeled as P1 (Ni-Nini)
and the Ni-Ni paths of NiO as P2 and P3. The XANES specrta in Figure 5.14a show a prominent
rising edge, which is more pronounced in the infiltrated electrodes compared to the reference
Ni/YSZ sample. This is followed by an equal decrease of the white line intensity after
infiltration, suggesting a higher concentration of Ni’ in the infiltrated electrodes after
calcination at 600 °C. The EXAFS graphs in the inset of Figure 5.14a further confirmed this,
with the P1 peak, being most prominent in the impregnated samples. These finding indirectly
indicate that NPs infiltration enhances the resistance of Ni/YSZ to oxidation in oxidative
conditions, which is a highly desired propertly for Ni/YSZ electrodes in electrolysis
applications.

At 480 °C in Hz (Figure 5.14b), both the XANES and FT-EXAFS spectra are characteristic of

Ni’, showing that all samples are almost fully reduced under the employed conditions.
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However, closer inspection of the FT-EXAFS peaks in the inset suggests that a small portion
of nickel remains unreduced in some samples, as will be discussed in more detail below.
Figure 5.14c shows the evolution of NiO fraction with temperature for all five samples, as
determined by LCF analysis of the Ni K-edge. As noted earlier, determining the absolute Ni
oxidation state using LCF analysis is challenging. Therefore, the focus is on comparing
reduction profiles of different cells to show the impact of infiltrated NPs on the Ni/YSZ
electrode's reducibility. Figure 5.14c clearly shows that at 25°C, the NiO content across the
various electrodes ranges from 20% to 40% (see also Table 5.2). Although all samples were
subjected to the same calcination conditions prior to the absorption experiments, differences in
prior electrolysis tests, NP loading, and the duration of air exposure prior to XAFS
measurements make it difficult to draw precise conclusions about the influence of each NPs
type, from this observation. However, it is evident that NP infiltration consistently enhances
the oxidation resistance of Ni/YSZ.

Examining the evolution of NiO reduction with temperature more closely reveals that it occurs
in at least two distinct stages for each sample. The first stage is marked by a rapid decrease in
NiO content over a narrow temperature range, indicating a kinetically fast reduction process.
In contrast, as the temperature continues to rise, the reduction rate slows down and extends over
a broader temperature window. Notably, the reduction profile of the CeO2-modified electrode
deviates from the typical two-stage pattern observed in the other samples, exhibiting a third
slope after 475 °C. When comparing the onset temperarture of NiO reduction—an indicator of
the reducibility of the five samples—the order is as follows: NiCe > CeO2 ~ CoCe > Ref > VCe
(see also Table 5.2). This comparison illustrates that, with the exception of the VCe-modified
electrode, nanoparticle modification shifts the onset of NiO reduction in Ni/YSZ to lower
temperatures, thereby facilitating the reduction process.

Finally, at around 480 °C, the highest reduction temperature employed in this study, slight
differences in the remaining NiO amounts across the electrodes are observed (see Figure 5.14d).
Specifically, as shown in Table 5.2, while the NiCe sample is fully reduced, approximately 4%
of NiO remains in the CeO2-modified Ni/YSZ electrode.
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Figure 5.14. (a) XANES and FT-EXAFS for five samples measured at room temperature; (b)
XANES and FT-EXAFS for the same five samples measured at 480 °C; (¢) Temperature
dependence of the NiO obtained by the LCF analysis of XANES spectr. (d) Zoom at the high
temperature region of graph (c).

Table 5.2. Critical parameters obtained by the XAFS spectra analysis

Onset temperature of

Electrode %NiO (@25 °C) %NiO (@480 °C) NIO reduction (°C)
VCe-Ni/YSZ 18 1 400
NiCe-Ni/YSZ 24 0 290
CoCe-Ni/YSZ 27 1 340
CeO0,-Ni/YSZ 18 4 330

Ni/YSZ 37 1 360
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5.3.7 NPs Characteristics and their influence on Ni/YSZ Reducibility

As mentioned earlier, the oxidation of nickel in Ni/YSZ electrodes is a major contributor to cell
degradation in SOEC applications. The reducibilities of ceria-based NPs and NiO in the
Ni/YSZ, are determined from the NAP-XPS and XAFS experiments respectively. Figure 5.15
correlates the NiO fraction at 480 °C and the NiO reduction onset temperature shown in Table
5.2, with the oxidation state of cerium in the NPs taken from Figure 5.8. It is important to note
that although the conditions under which the samples were treated in the two sets of
measurements are fundamentally different, the obtained results presented reflect the trends in
the reducibility of both ceria-based NPs and NiO, and thus can be utilized for a
phenomenological analysis of the reduction process. The graph in Figure 5.15 resembles an
inverse volcano plot, with the NiCe-modified electrode situated at the minimum. This indicates
that highly reducible NPs, such as VCe, and very stable NPs, such as CeOz2, do not facilitate the
reduction of NiO in Ni/YSZ. It appears that there is an optimal level of ceria reducibility, which

in our case is achieved by the NiCe NPs, optimizing conditions for NiO reduction.
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Figure 5.15. Correlation of the cerium oxidation state (x of Ce") in the Ce-based nanoparticles
(x-axis), obtained from NAP-XPS measurements at the characteristic temperature of 550 °C
(Figure 5.8), with the onset temperature of NiO reduction (left y-axis) and the fraction of NiO
remaining at 480 °C (right y-axis), as retrieved from XANES spectra and detailed in Table 5.2.
The presence of NPs at the surface of Ni/YSZ may influence the reducibility of NiO particles
through two primary mechanisms. The first mechanism involves the facilitation of H:

adsorption and activation, while the second is a solid-state interaction where NiO is reduced by
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the migration of oxygen ions towards the NPs. Such interface interactions between oxides are
rather common and are driven by differences in oxygen affinity between the two phases.
Considering that the amount of infiltrated NPs is relatively minor compared to the NiO mass in
the electrode, if solid state interactions contributes to the reduction mechanism, it is likely to
initiate reduction by removing oxygen from NiO surface, creating Ni’, which is known to be
much more efficient for H: activation, thus accelerating the reduction process.

Those mechanism can rationalize the lower NiO reducibility of CeOz-infiltrated electrodes,
since CeOz is mostly hard to reduce as compared to other NPs types. However, a question arises
as to why VCe NPs, which is the easiest to reduce among the NPs, shifts the NiO reduction
onset at higher temperatures. Several factors could explain this behavior. First, VCe
nanoparticles may be highly dispersed over the nickel particles, creating a sort of “protective”
surface layer that restricts access of H2 to NiO. Another possible explanation is that, at lower
temperatures, the adsorbed surface H: is primarily consumed to reduce VCe, and only at higher
temperatures, when VCe is nearly fully reduced, does it react with NiO to form Ni.
Regardless of the mechanism by which infiltrated NPs influence the reduction of NiO,
experimental results show that the NPs that optimally enhance NiO reducibility—namely NiCe
and CoCe—also promote the electrolysis reaction, indicating a correlation between these two

phenomena.
5.4 Conclusion

Overall, this chapter investigates the effect of infiltrating various NPs on the water electrolysis
performance of Ni/YSZ electrodes. The results show that the performance of Ni/YSZ either
deteriorates or improves only slightly after infiltration with VOx, V-doped, and undoped CeO2
NPs. In contrast, CoCeOx NPs seem to enhance performance, although to a lesser extent than
NiCeOx NPs. In situ characterization techniques were employed to correlate the reducibility of
NiO and the infiltrated NPs with this behavior. Future work should focus on refining infiltration
procedure and possibly using ceria NPs with different metal dopants, to maximize the

electrolysis performance of Ni/YSZ electrodes.
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6.1 Introduction

The mixed ionic-electronic conductor (MIEC) Lao.6Sr0.4Co0.2Fe0s03-5 (LSCF), which has a
perovskite structure as shown in Figure 6.1, is widely used as an oxygen electrode in solid oxide
cells (SOCs) [461]. LSCF is favored due to its excellent electrical conductivity (~250 S cm™! at
800 °C) [462], oxygen ion conductivity (~0.2 S cm™! at 900 °C), and high electrocatalytic
activity for the oxygen reduction reaction (ORR) [463]. Like in SOFC applications, LSCF is

also one of the most commonly used materials in SOECs.

La 0 (a) (b)
Sr ° ' r y ‘
Co o

Figure 6.1. a) Side and b) top view of the LSCF bulk structure. Reproduced with permission
of Ref. [464], Copyright of ©2018 IOP

However, LSCF's coefficient of thermal expansion (CTE) reaches up to 27.4 x 10° K between
650 and 900 °C [465], which is incompatible with conventional electrolytes such as
Gdo.1Ce0.901.95 (GDC, 12.5 x 109 K™") and Zro.s5Y0.1501.93 (YSZ, 10.5 x 10° K™') [466], leading
to significant thermal stresses. To mitigate these thermal stresses and improve compatibility at
the electrode-electrolyte interface, ceria-based materials are often combined with LSCF to form
composite electrodes, which reduce the overall CTE in most studies. Additionally, since ceria-
based materials exhibit fast bulk oxygen ion conductivity, the incorporation of an ion-
conducting phase further enhances the reaction kinetics of the composite electrode [467].

Single cells with LSCF electrodes can achieve significant output in the intermediate
temperature range, but their long-term stability remains a challenge [468—470]. One of the
critical factors limiting the development of LSCF cathodes is performance degradation caused
by Sr segregation induced by thermal and electronic factors [10,11,471]. The detrimental effects
of Sr segregation on LSCF-based electrodes have been extensively studied and well-
documented [472,473]. Simner et al. reported significant performance degradation in an anode-
supported YSZ thin-film/GDC barrier layer LSCF cell after 500 hours of operation at 750 °C,
and observed Sr segregation on both the inner and outer surfaces of the LSCF electrode [474].

During operation, Sr-rich phases, which exhibit high resistance to the oxygen reduction reaction
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(ORR), tend to form on the cathode surface. As a result, the active sites on the surface of the
LSCF cathode are gradually occupied by SrO or Sr(OH): islands, slowing down the ORR
process [475]. Wang et al. investigated the effect of polarization on Sr segregation and diffusion
in LSCF electrodes, and observed the formation of SrZrOs at the GDC/Y SZ interface after 400
hours of polarization at 1000 °C, even with the use of a GDC barrier layer [476]. SrO surface
segregation can occur under both open-circuit and polarized conditions [12,159,477]. It is well-
known that electrochemical polarization significantly influences Sr segregation on the surface
of porous LSCF electrodes, with segregated Sr tending to penetrate through the ceria barrier
layer to react with the YSZ electrolyte, forming an insulating SrZrOs phase [12]. However,
despite the importance of Sr segregation and interface formation in SOFCs, a systematic study
on the mechanisms of polarization-induced interface formation and Sr segregation/diffusion in
LSCF has yet to be conducted.

Reversible solid oxide fuel cells (RSOFCs) function as solid oxide fuel cells (SOFCs) to
generate electricity from hydrogen, and as solid oxide electrolysis cells (SOECs) to store excess
electrical energy as chemical energy (e.g., hydrogen) [478—480]. In the development of novel
electrode materials for such applications, those containing Pr cations have demonstrated
excellent electrocatalytic performance. Praseodymium oxide (PrsO11) has been explored as a
potential electrocatalyst for the oxygen reduction reaction (ORR) in fuel cell applications [481].
For example, LSM-YSZ electrodes coated with PrOx showed an 89% reduction in polarization
resistance at 650 °C (compared to untreated electrodes), maintaining a tenfold decrease even
after approximately 400 hours of operation [482]. Additionally, the use of Pr¢O11 nanocatalysts
to enhance and optimize the performance of Lao.sSro.sFe0.oMo00.103-5 (LSFM) oxygen electrodes
for RSOC significantly improved the catalytic activity for oxygen reactions [483,484],
indicating that LSFM containing Pr¢O11 nanocatalysts is a promising RSOC oxygen electrode
material.

In this chapter, we will discuss the interlayer characteristics of these two types of oxygen
electrodes and compare the changes observed before and after long-term experiments. The goal

is to gain more valuable insights into the surface characteristics these electrode materials.

6.2 Experimental

6.2.1 Cell and O:-electrode description

The cells analysed in this chapter were provided by Dr. Jérdme Laurencin's group at Univ.

Grenoble Alpes, CEA, Liten, DTCH, 38000, Grenoble, France. The hydrogen electrode-
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supported cells were fabricated at CEA Le Ripault and have a typical configuration comprising
a dense ceramic electrolyte sandwiched between two porous electrodes. All cells underwent
electrochemical testing at CEA Liten, before being transferred to our group for detailed surface
spectroscopy analysis. Further information regarding the experimental setup and testing
protocols can be found in ref [484]. This chapter describes the analysis of two types of
electrolyte-supported cells, both with similar geometry, as schematically illustrated in Figure
6.2 However, the cells differ in the composition of the Oz-electrode. The composition and
fabrication process of the cells have been previously detailed in references [484—486], while
the specific composition of the O:-electrode and the treatment it underwent prior to the

photoemission measurements are provided in Table 6.1.

— Current Collecting Layer (CCL)
— Functional Layer (FL)
? Barrier Layer (BL)

Electrolyte

A
1
Oz-electrodej[ 40 ym !
v

electrolyte

>

— Ni/YSZ electrode

H,-electrode - 305 pm

D e e

Figure 6.2. Schematic representation of the cell configuration analyzed using surface-sensitive
methods in this chapter. The cells are Hz-electrode supported, with the Oz-electrode featuring a

double-layer architecture.

As shown in Figure 6.2 the porous Oz-electrode of all studied cells was fabricated using a
double-layer architecture, with each of the two layers optimized for a specific function. The top
layer, known as the current collecting layer (CCL), was designed to enhance electron
conductivity with the current collector plates. The layer beneath the CCL, located closer to the
electrolyte, was optimized for electrocatalytic activity and is referred to as the functional layer
(FL). Two different Oz-electrode compositions were investigated, as detailed in Table 6.1. The
total thickness of Oz2-electrode was approximately 40 um, with a 3 pm thick porous GDC barrier

layer (BL) deposited between the O:z-electrode and the electrolyte. The electrolyte was
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Yo.16Z10.8401.92 (8YSZ) with a thickness about 8 um. The porous Hz-electrode was a Ni-YSZ
composite, consisted of two layers with a total thickness of around 300 um. For each electrode
type, one set of photoemission experiments was conducted on a cell immediately after the
reduction pretreatment, i.e., before electrochemical testing, and a second set was performed on
a cell after long-term electrochemical testing. It is important to note that the two initial cells in
both cases were identical.

Table 6.1. Description of the samples measured by surface techniques

0:-electrode Composition Treatment Notation

H:-electrode gas: Ho/H,0 10/90 %vol. (12 NL-h™")

O:-electrode gas: dry air (36 NL-h™!
Cell 1 & i ( ) PI‘-GDCREF

CCL: LaNio.cFe0403 Temperature: 750 °C
(LNF) Current Density: —1 Acm™ (SOEC)

Hz-electrode gas: Ho/H,0 10/90 %vol. (12 NL-h™")
FL: PrOx-CeosGdo.102-3 Oz-electrode gas: dry air (36 NL-h™)
Cell 2 | (Pr-GDC) Temperature: 750 °C Pr-GDC; 6k
Current Density: —1 Acm™ (SOEC)
Duration: 3600 hours.

H:-electrode gas: H, (4 NL-h™')

CCL: Oz-electrode gas: dry air (4 NL'h™!)
Cell 3 Lao,68r0.4C00.2F€0.803-8 Current Density: 0 ACI’H72 LSCFREF
(LSCF) Temperature: 800 °C

Duration: 16 hours.

FL: Lao.6Sr0.4Co0.2Feo.80s-

Hz-electrode gas: Hy/H,0 10/90 %vol. (12 NL-h™")
Oz-electrode gas: dry air (36 NL-h™)
Cell 4 | GDC, 50:50%) Temperature: 750 °C LSCFpry
Current Density: —1 Acm™ (SOEC)
Duration: 5000 hours.

s- Ce0.8Gdo202-5 (LSCF-

6.2.2 Overview of MAX IV Synchrotron-Based Apparatus and measurement conditions

NAP-XPS measurements were performed at the HIPPIE beamline endstation of the MAX IV
synchrotron facility [278], as detailed in Section 2.3.2 of this thesis. To access both the CCL
and FL regions of the electrode for photoemission measurements, the upper section of the
electrode was removed by mechanical scraping. During the measurements, the analyzer's nozzle
was positioned approximately 300 um above the sample, enabling precise visual identification
of the measurement spot with the help of a high-resolution optical camera installed in the

analysis chamber. The analysis area in the photoemission measurements is determined by the
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synchrotron beam spot size, which forms a parallelogram measuring 60 um x 25 pm. All
measurements were conducted with the sample at 350 °C in 1 mbar Oz, conditions sufficient to
prevent electrostatic charging of the sample and to maintain an oxidizing environment during
the measurements. Unless otherwise specified 10 °C/min, linear temperature ramps were
applied during heating to 350 °C.

XPS peak fitting was performed using CasaXPS software (version 2.3.25). Shirley backgrounds
were predominantly used for background subtraction; however, for spectra where gas-phase
interference caused an increasing background, linear backgrounds were employed. Due to the
presence of overlapping spectral components, peak positions and profiles were first determined
using selected measurements where these components were dominant. Subsequently, data sets
were fitted, with these parameters either fixed or allowed to vary within narrow limits. The
surface analysis of the samples was conducted using both survey and high-resolution spectra.
Depending on the photoelectron peak intensity, the signal-to-noise ratio of the survey spectra
ranged from 2 to 60, while the high-resolution spectra ranged from 8 to 90. The survey spectra
were used for quantifying surface composition, while the high-resolution scans were employed
to determine the chemical state of the sample. Survey scans offer a shorter measurement time
(approximately 4 minutes per spectrum) and help avoiding uncertainties related to photon flux,
or possible signal instability, common drawbacks when using high-resolution spectra for
quantification. However, survey spectra generally have a lower signal-to-noise ratio and are
subject to uncertainties due to variations in the scattering of photoelectrons from different peaks
in the gas phase, which can affect the accuracy of quantification. We assume any errors due to
this fall within the provided error margins for quantitative calculations (+10%). Moreover, since
the quantification error is systematic, the comparisons between samples in this study remain

reliable.

6.3 Results and discussion

6.3.1 Analysis of praseodymium oxide (PrOy) based electrodes

6.3.1.1 Sample preparation and mounting

In the cross-sectional SEM/EDS elemental maps of the LNF/Pr-GDC cell shown in Figure 6.3a,
the distinct layers of the Oz-electrode are clearly visible, along with the sharp interfaces between
them. The Pr-GDCrer and Pr-GDCs.k electrodes were mounted together on a stainless-steel
flag style sample plate (Figure 6.3b), and secured using a top lead with two holes at its center

to allow access to the area of interest for photoemission measurements. Prior to the mounting
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on the sample plate, part of the top CCL layer of the electrode was mechanically scrubbed off
to expose the FL layer underneath. The scrubbed areas appear darker in the optical images
shown in Figure 6.3b. To ensure the reproducibility of the analysis, several spots in both the
CCL and FL electrode areas of each electrode were measured, indicated by small round markers

in Figure 6.3b.
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Figure 6.3.
the different layers of the LNF/Pr-GDC-based cell. The micrograph was provided by CEA,

L2 IR

(a) Cross-éectional SEM/EDS micrographs with elemental mapping, illustrating

Liten (b) An optical camera photograph of the sample holder showing the two samples
positioned on it, with visible the thermocouple wires, while the top lead has been removed to
provide a clearer view of the samples. At the left and right part of the image magnified optical
images where the NAP-XPS measurements spots for each sample are indicated by cycles can
be seen (¢) SEM micrographs taken from the same areas of the samples as the optical

photographs.

6.3.1.2 Quantification of the surface composition by NAP-XPS

Characteristic survey spectra of Pr-GDCrer and Pr-GDCs.6k electrodes, recorded with a photon
energy of 1300 eV, are shown in Figure 6.4. All the elements anticipated by the electrode
composition are detected and no peaks indicating contamination were observed. The Ni 2p
signal overlaps with the Ce 3d and La 3d peaks, therefore the Ni 3p peak was used in the
quantification. It is worth noting that the Si 2p peak around 103 eV overlaps with the La 4d
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peak; however, the absence of the Si 2s peak around 150 eV rules out the presence of silicon
impurities. In contrast, a stronger carbon signal is observed in the Pr-GDCrer sample, as
highlighted in the inset of Figure 6.4. This carbon signal is likely due to residual carbon tape
previously attached to the sample (also visible as the darker areas in Figure 6.3b) and is not an

intrinsic characteristic of the sample.

Pr-GDCrer
Pr-GDC; ¢,

Pr 3d O1s

L

291 288 285 283’
E\nding Energy/e)/

Intensity / arb. units

C 13/

1000 800 600 400 200 0

Binding Energy / eV
Figure 6.4. Characteristic survey NAP-XPS spectra of the Pr-GDCrer and Pr-GDCs3 .6k
electrodes measured by 1300 eV photon energy in 2 mbar Oz at 350 °C. The photoemission

peaks associated with the main elements of the electrodes are identified in cyan background. A

zoom in the C 1s region is shown in the inset.

Based on the peak areas of the primary photoemission peaks for each element, as those
highlighted in Figure 6.4 the atomic concentrations (%) of the Pr-GDCrer and Pr-GDCs3 .6k
electrodes in both the CCL and FL regions were calculated and are summarized in Figure 6.5a.
It is important to note that the values in Figure 6.5a represent the averages from several
measurement spots within each region. Several intriguing observations emerge regarding the
surface composition, which appears to deviate from the expected nominal composition of the
electrodes based on their fabrication process. The most striking observation is that the LNF and
Pr-GDC related elements are not confined to the CCL and FL layers, respectively, as would be
expected based on the fabrication process. Instead, they are present in comparable quantities in
both layers. For instance, in the FL of Pr-GDCrer sample approximately 40% of the detected

elements correspond to LNF, a proportion that increases to 58% after electrolysis testing.
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Furthermore, the CCL contains significant amounts of Praseodymium (Pr), up to 45%, despite
the expectation that Pr should be limited in the FL. An exception to this trend is GDC, which
appears to be primarily confined to the FL, as its concentration in the CCL is near the detection
limit of the method. The surface concentration of Ce slightly increases after electrolysis,
suggesting a possible reconstruction that results in a greater exposure of GDC on the surface.

When comparing the surface composition of Pr-GDCrer and Pr-GDCs3 ek, i.¢., the Oz2-electrode
before and after electrolysis, the CCL composition remains practically unchanged within

experimental error. However, in the FL, the concentration of LNF-related elements increases at

the expense of Pr.
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Figure 6.5. Stacked column plots showing the atomic concentrations of the surface elements
(at. %) in the FL and CCL of Pr-GDCrer and Pr-GDC:s3 ek electrodes, based on a) NAP-XPS and
b) EDS spectra. Note that the analysis depths of the two methods differ significantly, with NAP-
XPS probing approximately 2 nm (surface composition) and EDS probing around 2 um (bulk
composition), enabling a correlation between surface and bulk measurements of the electrodes.
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To confirm the preferential surface segregation of Pr, as suggested by the quantitative analysis
of the electrode, we conducted non-destructive, depth-dependent photoemission measurements.
As discussed in previous chapters, in these measurements the energy of the incident photons is
varied, allowing us to probe different depths within the material [487]. Figure 6.6 illustrates the
atomic concentrations of Pr, Ce, and La across an analysis depth ranging from 2.3 to 6.5 nm.
The depth-dependent concentration profiles reveal that Pr is more concentrated at the surface,
while La (representing the LNF particles) shows an inverse trend, being more prevalent at
greater depths. Meanwhile, Ce maintains a relatively constant concentration throughout the
analyzed depth, with no significant variation observed. These results suggest a surface
arrangement where Pr preferentially migrates and covers the LNF particles, while the GDC
particles remain largely unaffected. This surface configuration appears to form after reduction
pretreatment and is preserved, despite the noticeable decrease in Pr concentration following
electrolysis. The reduction in Pr amount could be attributed to either a partial withdrawal from
the surface of LNF particles or a thinning of the surface layer. However, when comparing the
element concentrations in Figure 6.6a and Figure 6.5, it is evident that Pr concentration drops
significantly after operation (i.e., Pr-GDC3.6k), while Ce concentration increases, consistent

with the quantitative analysis presented in Figure 6.5a.

a) Pr-GDCpr (FL) -Q@— Pr b) Pr-GDC, ¢, (FL) Q- Pr
80 9 Ce 80 4 @ Ce
@ La 9 La
Q\\
c T— 9
2 c
8 601 '(% 60+
® = Q.
o o AN
5 o e
o & ----Q
o 40 S 401
S o
o S ---@
< 2 Q-----2Q--m 7
X 9 < T
S 20+ o < 207 @
> Q¢ — —9
0+— . : . . 0+— . : . .
2 3 4 5 6 7 2 3 4 5 6 7
Analysis Depth / nm Analysis Depth / nm

Figure 6.6. Percentage atomic concentration (% at.) of Pr, Ce, and La as a function of analysis
depth, calculated from the Pr 3d, Ce 3d, and La 3d NAP-XPS spectra. Measurements were
conducted in the Functional Layer (FL) area for (a) Pr-GDCRrer and (b) Pr-GDCs3 6k electrodes.
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6.3.1.3 Quantification of the bulk composition by Energy-dispersive X-ray spectroscopy
Driven by the unexpected surface composition highlighted in the NAP-XPS analysis and with
the goal of verifying the elemental composition within the bulk of the electrodes, Energy-
dispersive X-ray spectroscopy (EDS or EDX) was employed. In this technique, a focused
electron beam is directed at the sample, causing the atoms to emit characteristic X-rays. Each
element produces X-rays at distinct energy levels unique to that element, enabling EDS to detect
the presence and relative abundance of elements in the sample. However, a limitation of the
method is that some elements have overlapping X-ray emission peaks, which can complicate
the analysis. This technique is typically used in conjunction with scanning electron microscopy
(SEM).

The probing depth of EDS, or its information depth, depends on both the applied voltage and
the density of the element being analyzed. In our case, a voltage of 15 kV was used, which
corresponds to an analysis depth of approximately 1-2 pm—about 1000 times more than NAP-
XPS. Therefore, EDS-based quantification provides the bulk composition of the sample,
whereas NAP-XPS reflects the surface composition. In this study, EDS analysis was performed
on the same samples and at the same locations as the NAP-XPS measurements, with the aim of
comparing the bulk and surface composition of the electrode areas. Figure 6.7 presents low-
magnification SEM micrographs of both electrodes, with EDS measurement points indicated
and CCL and FL regions highlighted. A direct comparison of the SEM images with the optical

photographs of the two samples can be found in Figure 6.3c.

a) Pr-GDCre¢_ AT __b'}{ Pr-GDCs gy

Figure 6.7. SEM micrographs of (a) Pr-GDCrer and (b) Pr-GDCs.ek electrodes, with EDS
measurement points indicated. The CCL and FL regions are highlighted. The measurement

areas correspond to those analyzed by NAP-XPS, as shown in the optical images of Figure 6.3b.

The atomic concentration calculated on the basis of EDS spectra for each sample averaging

several measurement spots at the CCL and FL electrode areas are shown in Figure 6.5b. These
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quantification results present some similarities and some differences as compared to the
quantification provided by the NAP-XPS measurements shown in Figure 6.5a. In particular the
data confirm the presence of LNF in the FL region and show a significant increase in LNF
concentration after electrolysis. Interestingly, the LNF concentrations measured by both EDS
and NAP-XPS are in reasonable agreement— with approximately 40% and 60% LNF for Pr-
GDCrer and Pr-GDCs.6k respectively—demonstrating the consistency of the measurements.
This also suggests that LNF likely forms separate aggregates in contact with Pr-GDC, rather
than spreading across its surface. In contrast, the relative amount of Pr is found to be
significantly higher in the NAP-XPS measurements compared to EDS in the expense of Ce
signal. This can be explained by the tendency of Pr to migrate to the surface of GDC and LNF
particles, which has a greater impact in NAP-XPS, as these measurements primarily analyse
the outermost surface layers. Furthermore, EDS confirms the presence of Pr in the CCL,
although its concentration is significantly lower than that measured by NAP-XPS for the
reasons explained above. Both methods confirm the reduction in Pr concentration in the FL

after electrolysis.

6.3.1.4 Surface chemical state analysis using NAP-XPS

We now turn our attention to the chemical state of the Oz-electrode through the analysis of high-
resolution NAP-XPS spectra. Figure 6.8 shows the Pr 3d, La 3d (including part of Ni 2p3n»
peak), Ce 3d and Fe 2p spectra corresponding to the FL of the Pr-GDCs.6k sample. The
excitation photon energy used in each spectrum was carefully selected to yield photoelectrons
with a kinetic energy of approximately 180 eV, corresponding to an analysis depth of around 2
nm. It is important to note that the NAP-XPS spectra exhibit nearly identical peak shapes for
both electrodes (Pr-GDCrer and Pr-GDC3 6k) regardless of the location where the spectra were
collected (FL or CCL). Therefore, for the sake of brevity, only a representative spectrum for
each element is discussed, except for the Pr 3d and La 3d spectra, which exhibit differences
between the FL before and after electrolysis.

The Pr 3d spectrum shown in Figure 6.8a has a complicate shape due to the presence of intense
satellite features. It is composed by the Pr 3ds2 and Pr 3d3/2 doublet, with a spin-orbit splitting
0f20.4 £0.1 eV, with a binding energy of the main Pr 3ds» peak at 932.5 eV. The two satellite
features observed at the lower binding energy side of the main Pr 3d peaks are attributed to

final-state photoemission effects, resulting from the strong covalent interaction between Pr and
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O ions [488]. Additionally, an extra structure (mult. sat.), present exclusively in the 3dsq
component, is caused by multiplet effects [488—490].

The complexity of the Pr 3d spectrum makes it challenging to acuratelly determine the Pr
oxidation state. However, based on literature, there are two characteristic differences between
the spectra of trivalent and tetravalent Pr oxides, such as Pr2O3 and PrO2, which can be used to
identify the Pr oxidation state. In particular, although both Pr** and Pr** oxidation states display
the characteristic satelite peaks, Pr*" exhibits a relatively higher intensity of this satelite for both
the 3ds;2 and 3d32 doublet peaks compared to Pr** [488-490]. Additionally, the presence of Pr**
is also indicated by an extra satellite component, attributed to 3d4/' final state, appearing at 945
eV, just before the Pr 3ds2 peak satellite [488—490]. This feature is observed exclusively in
PrO2 and is absent in the spectra of pure metallic Pr or Pr2Os.

To better illustrate the different spectral features, the Pr 3d peaks measured at the FL of the Pr-
GDCrer and Pr-GDCsek electrodes, the spectra were fitted using a previously established
approach for Pr-containing oxides [491]. As shown in Figure 6.8a, in the case of Pr-GDCrer,
apart of the Pr 3d main and satellite peaks, a distinct component at 945.6 eV can be observed,
which is absent in Pr-GDCs.ek. The absence of the 945.6 eV satellite and the slightly lower
main-to-satellite peak area ratio in the Pr-GDC3.6k sample suggest that nearly all Pr is in the Pr**
state in this sample, likely as Pr2O3. In contrast, the presence of the 3d4f' feature in Pr-GDCrer
indicates the presence of Pr*’.

The La 3d spectra measured at the FL. and CCL regions of the Pr-GDCs3 6k electrode are shown
in Figure 6.8b. Similar to the Pr 3d spectrum, the La 3d peak exhibit a complex shape due to
multiple satellite and plasmon loss features [492]. Additionally, the Ni 2p32 peak partially
overlaps with the La 3ds2 component, further complicating the spectral profile analysis. To
highlight subtle differences in curve shape between the spectra from the FL and CCL areas, the
overall spectrum is fitted using a linear combination of six components related to La 3d and Ni
2p3.2 spectral features, as shown in Figure 6.8b.

Comparison of the spectra from the FL and CCL regions reveals two key differences. First,
there is a notably lower contribution of the Ni 2p3» peak in the FL compared to CCL. Since
both Ni and La originate from LNF, which, according to the fabrication procedure, should not
be present in the FL, it is likely that the LNF particles mixed within the FL are non-
stoichiometric, but deficient in Ni. This assumption is further supported by the quantitative
analysis in Figure 6.5a, which shows a relatively higher La/Ni ratio in the FL (La/Ni ~ 0.95)
compared to the CCL (La/Ni ~ 0.65).
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Figure 6.8. NAP-XPS specta collected at 350 °C in in 2mbar O2 for (a) Pr 3d, (b) La 3d, (c)
Ce 3d and (d) Fe 2p. The Pr 3d and La 3d spectra are fitted, with main peaks and the satellite
features indicated in the figure. These figures are representative of both electrodes and layers.

The Pr 3d spectra in (a) exhibit differences between the two electrodes at the FL.

The second difference between the two layers, is the binding energy (BE) splitting between the
main and satellite peaks of the La 3d spectra. This split, referred to here as ALa3d, is highly
sensitive to the chemical state of lanthanum and is commonly used to differentiate between
various lanthanum compounds (see Table 6.2). The peak-fitting procedure shown in Figure 6.8b
indicates a small but consistent difference in ALa3d between the FL. and CCL regions. In the
CCL, ALa3d is measured at 4.5 eV, consistent with previous reports for LaNio.sFeo.4O3
perovskites [493]. However, in the FL, this value decreases to 4.3 eV, providing independent
evidence that the LNF found in the FL has undergone a chemical modification compared to its
stoichiometric perovskite state. Accurately describing the chemical state of La in the FL is
challenging based solely on ALa3d measurements, as this change likely results from a

convolution of La 3d spectra involving two or more lanthanum oxidation states.
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Table 6.2. The La 3ds2 component splitting (ALa3d) for various lanthanum compounds. The

standard deviation of the values collected from the cited literature is included in parenthesis.

Name ALa3d (STD) (eV) Reference
Lanthanum oxide (lanthana) 4.6(£0.3) [492,494-496]
LaNio.sFeo.4O3 4.5 [493]
Lanthanum oxycarbonate 4.3(£0.2) [494,496,497]
Lanthanum hydroxide La(OH)3 3.7(+0.3) [492,494-496,498,499]
Lanthanum carbonate 3.5(=0.1) [498-500]
LaNiO3 3.8 [501]

The Ce 3d spectrum in Figure 6.8c displays six distinct peak features, including an intense,
almost symmetric satellite peak around 916 eV, characteristic of the Ce*" oxidation state. The
close resemblance of this Ce 3d spectrum to previously published spectra of samples calcined
at atmospheric pressure [502] suggests that ceria is fully oxidized in the tetravalent oxidation
state. Additionally, the identical Ce 3d peak shape observed across both samples and analysis
areas confirms that ceria remains consistently in the Ce*" oxidation state.

The Fe 2p spectrum for the Pr-GDCs.6k sample shown in Figure 6.8d, reveals the characteristic
Fe 2p32 and Fe 2pi.2 spin-orbit splitting states, along with a weak satellite peak approximately
8 eV higher in binding energy than the Fe 2p32. A comparison with previously reported Fe 2p
spectra for metallic iron, Fe**, and Fe’" oxidation states [503,504] suggests that iron
predominantly exists in the Fe** oxidation state.

Overall, the above displayed results indicate that the surface chemical state remains consistent
across different electrode layers and is not significantly affected during electrolysis mode

operation.
6.3.2 Analysis of LSCF based O; electrodes.

6.3.2.1 Sample preparation and mounting

A second set of electrodes, containing Lao.cSr0.4Coo.2Fe0s03-5 perovskite (abbreviated as LSCF)
as the main Oz-electrode constituent, was analyzed using the same approach. The electrolyte,
Ha-electrode and barrier layers were identical to those of the Pr-GDC cells, presented in Figure
6.2. However, the FL was a mixture of LSCF and GDC, while the CCL was composed solely
of LSCF. The composition of the two cells, as revealed by SEM/EDS mapping analysis, is

shown in Figure 6.9a. Similar to the Pr-GDC electrodes, these cells were analyzed both before

191
J. Zhang, PhD thesis



Chapter 6. The surface state of Pr-GDC and LSCF type O,-electrodes after long-term electrochemical testing

and after electrolysis. In particular, two identical cells were analyzed: one after reduction pre-
treatment (LSCFrer) and another after 1000 hours electrolysis (LSCFpry) operation with dry
air flow in the anode, as detailed in Table 6.1. As with the Pr-GDC electrodes, the upper section
of the electrode was mechanically scraped off to expose both the FL area to the photoemission
measurements.

Figure 6.9b presents an optical camera photograph of the LSCFrer and LSCFpry electrodes
mounted on the sample holder, using a top stainless-steel lead. In the image, the FL areas, which
became exposed due to localized scraping of the top CLL, are clearly distinguishable by their
darker grey colour. This contrasts with the lighter grey tone of the CCL, providing a clear visual
distinction between the two layers. Multiple regions in both the FL and CCL of the electrodes
were selected for analysis, with the measurement spots marked by circles in Figure 6.9b for
clarity. This selection of several points ensures representative sampling from both the FL and

CCL areas.

o

Figure 6.9. (a) Cross-sectional SEM/EDS micrographs with elemental mapping, illustrating

the different layers of the LSCF/LSCF-GDC-based cell. The micrograph was provided by CEA,
Liten (b) An optical camera photograph of the sample holder showing the two samples
positioned on it, with the top lead used to fix the samples. At the left and right part of the image
magnified optical images where the NAP-XPS measurements spots for each sample are
indicated by cycles can be seen (¢) SEM micrographs of the two electrodes, with EDS
measurement points indicated. The CCL and FL regions are highlighted. The measurement

areas correspond to those analyzed by NAP-XPS.
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6.3.2.2 Quantification of the surface composition by NAP-XPS

Figure 6.10 shows characteristic survey spectra measured at the FL area of LSCFrer and
LSCFpry electrodes, in which the photoemission peaks corresponding to LSCF and GDC
elements are highlighted. Additionally, the spectra contain other core-level peaks related to the
electrodes’ elements, along with Auger peaks, which are not marked to preserve the figure's
clarity. According to this figure, common surface impurities, such as silicon, or other elements

not native to the electrode composition, are not detected.
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Figure 6.10. Survey spectra of the LSCFrer and LSCFpry electrodes measured by 1300 eV

photon energy in 2 mbar Oz at 350 °C. The photoemission peaks associated with the main

elements of the electrodes are identified in cyan background.

The surface composition of the two electrodes was calculated from survey NAP-XPS spectra
similar to those shown in Figure 6.10. For clarity, the atomic concentrations are displayed in
two graphs in Figure 6.11a: the graph on the left shows the surface composition of LSCF, while
the graph on the right presents the distribution of LSCF and GDC across the electrode surface.
The composition of both the FL and CCL areas is shown for the LSCFrer and LSCFpry

electrodes. It is important to note that the reported atomic concentrations represent average
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values derived from five measurement spots within each area, some of them are indicated in
Figure 6.9b.

Several interesting observations can be drawn from Figure 6.11a. First, Sr is detected at
significantly higher concentrations—ranging from 45% to 59%—compared to the expected
bulk composition of the perovskite, which is approximately 20%. In contrast, La and Fe appear
deficient, while Co exhibits a surface concentration close to its nominal value of 10%. This
indicates substantial surface segregation of Sr, already occurring prior to electrochemical
operation during Hz electrode reduction pre-treatment.

A comparison of the atomic concentrations between the FL and CCL areas reveals a
significantly higher Sr concentration in the FL area, at the expense of Fe, regardless of whether
the electrode is subjected to electrolysis or just reduction. Interestingly, after 5000 hours of
electrolysis (LSCFpry), there is a relative decrease in Sr concentration in both the FL and CCL
areas of the electrode. These results suggest that while significant surface reorganization does
not occur during electrolysis, Sr surface segregation is largely taking place and completed
during the pre-treatment stage. Further electrochemical operation appears to have little to no
effect on promoting additional Sr accumulation, and may even reverse some of the Sr
segregation.

Another notable observation arises from the comparison of LSCF and GDC concentrations
across different electrode layers, as shown in the right graph of Figure 6.11a. As expected from
the fabrication process, GDC is absent in the CCL of LSCFrer, while its relative concentration
in the FL is approximately 40%. Interestingly, after electrolysis operation (i.e., LSCFpry), the
GDC concentration decreases in the FL, while a small amount of GDC is detected in the CCL.
These observations suggest a limited migration of GDC from the FL to the CCL during
electrolysis, indicating a redistribution of material between the layers. Consequently, the FL
area has reduced surface-accessible GDC after electrochemical operation.

Another remark, not immediately evident from the data in Figure 6.11a, is that the Gd/Ce peak
ratio remains practically unchanged across all measurements. This indicates that the

composition of the GDC does not undergo significant modification after electrolysis operation.
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Figure 6.11. Stacked column plots of the atomic concentrations in the FL and CCL of LSCFrer
and LSCFpry electrodes, derived from (a) NAP-XPS and (b) EDS spectra. The graphs on the
left show the composition of LSCF, while those on the right presents the distribution between
LSCF and GDC. Note that the analysis depths of the two methods differ significantly, with
NAP-XPS probing approximately 2 nm (surface composition) and EDS probing around 2 pm
(bulk composition), enabling a correlation between surface and bulk measurements of the

electrodes.

6.3.2.3 Quantification of the bulk composition by Energy-dispersive X-ray spectroscopy
Similar to the analysis performed on the Pr-GDC electrodes, EDS was conducted at the same
sample locations where the NAP-XPS measurements were taken. This approach aimed to
provide a comparative analysis of the bulk and surface composition of the LSCF electrode
regions, enhancing our understanding of the elemental distribution between the surface and
deeper layers. The low-magnification SEM micrographs of both electrodes, with the specific
EDS measurement points indicated, are shown in Figure 6.9b. The corresponding atomic
composition, representing the average of several measurement points in each area of the
electrodes, is presented in Figure 6.11b. Focusing on the graph on the left, which displays the
atomic concentrations of elements related to LSCF, it is evident that the bulk composition
195
J. Zhang, PhD thesis



Chapter 6. The surface state of Pr-GDC and LSCF type O,-electrodes after long-term electrochemical testing

remains relatively stable for both electrodes and across the FL and CCL regions. Moreover, the
calculated atomic concentrations closely match the expected LSCF stoichiometry. The
enhancement of the Sr signal observed in the NAP-XPS measurements is not detected in the
EDS analysis, confirming that Sr segregation is localized to the outermost surface layer and
does not exists into the bulk.

In the case of the bulk LSCF relative to GDC composition, a trend similar to that seen in the
NAP-XPS results is observed, as shown in the right graph of Figure 6.11b. Specifically, the
relative concentration of GDC in the FL appears to decrease for LSCFpry. This suggests that
some redistribution of the components occurs during electrolysis operation. When comparing
these findings with the NAP-XPS data, it becomes evident that the LSCF concentration is lower
in the bulk than at the surface, indicating that the electrode does not consist of two distinct,
physically mixed materials, but likely LSCF migrates over the GDC grains. This surface
migration of LSCF likely plays a role in modifying the electrode's structural and
electrochemical properties, and it implies that the interaction between LSCF and GDC is more
complex than simple physical mixing, with possible implications for the electrode's long-term
performance and stability.

EDS quantification did not confirm the presence of GDC in the CCL after electrolysis operation
found by NAP-XPS, indicating that if GDC migration into the CCL does occur, it is very limited

and predominantly confined to the surface.

6.3.2.4 Surface chemical state analysis using NAP-XPS

High-resolution NAP-XPS spectra were analyzed to detect potential differences in the oxidation
states of the samples. Figure 6.12 presents the spectra of the primary electrode elements
measured in the FL areas of the LSCFrer and LSCFpry electrodes. Similar to the Pr-GDC
electrode, the photon energies were selected to achieve an analysis depth of approximately 2
nm for each element. A direct comparison of the peak profiles reveals no significant differences
between the two electrodes, with the exception of the Sr 3d peak, which will be discussed
separately below. The splitting between the main and satellite La 3d peaks, denoted as ALa3d,
is measured at 4.5 £ 0.1 eV, showing no evident differences between the two samples. This
value is consistent with the expected ALa3d values for both lanthanum perovskites and oxides,
making it impossible to distinguish between the two [492—496].

The Co 2p photoemission spectrum displays a prominent 2p3» peak at 780 eV, with a 2pi2

doublet separation of 15 eV. As is typical for the photoemission spectra of transition metal
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oxides, the Co 2p peak exhibits a complex structure. Notably, the intensity of the satellite
feature, which appears approximately 7.5 eV higher in energy, can be utilized to differentiate
between Co®" and Co*" oxidation states. Specifically, the relative intensity of the satellite
feature compared to the main photoemission peak is significantly higher for Co®" than Co**
[333,505,506]. The presence of the low-intensity satellite feature around 788 eV suggests the
oxidation of cobalt to Co**. The Fe 2p spectra resemble those of the LNF perovskite, which, as

discussed earlier, indicates the presence of Fe**. Finally, the Ce 3d peak is characteristic of

C e4+

Intensity / arb. units
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Figure 6.12. NAP-XPS spectra of La 3d, Sr 3d, Co 2p, Fe 2p, and Ce 3d (from top to bottom,
left to right) measured in the functional layer (FL) areas of the LSCFrer and LSCFpry

electrodes. All spectra were collected at 350 °C under 2 mbar of Oz, using photon energies
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6.3.2.5 Chemical state and surface distribution of strontium cations

As previously mentioned, the Sr 3d spectra were the only ones to show noticeable differences
between the two electrodes. Given that Sr segregation is widely recognized as one of the
primary factors impacting the stability and performance of LSCF electrodes [507-509], we
conducted a more detailed analysis of the Sr 3d region. To gain deeper insights, we applied a
peak-fitting procedure to better resolve the spectral components and quantify any variations.
For the Sr 3d peak fitting, two Sr 3d doublets were used, applying constraints on the width, area
ratio, and spin-orbit splitting value of the peak components, following a previously reported
method [510]. Figure 6.13a and b show the Sr 3d spectra for the FL area measurement points
for both electrodes, recorded using three different photon energies. As previously mentioned,
increasing the photon energy enhances the analysis depth, enabling the distinction between
surface and subsurface Sr species. The analysis presented in Figure 6.13a and b shows a clear
enchantment of the low-BE component with increasing analysis depth, manifesting that it
corresponds to St species located in deeper layers. This observation aligns with literature reports
[510-512], which typically attribute the low-BE component (Sriat) to Sr species from the
perovskite lattice and the high-BE component (Srsurf) to surface strontium oxide (SrOx) species.
The trend observed in the fitting of the Sr 3d spectra is quantified in the diagram shown in
Figure 6.13c. It illustrates that the Srsurt/Stiat peak area ratio decreases with increasing analysis
depth, in a remarkably similar manner for both electrodes. The Srsurf/Stiat ratio is also an
indicator of Sr segregation, and the similarity of the values in Figure 6.13c indicates a
comparable structural arrangement before and after electrolysis. However, as indicated by the
results in Figure 6.11a, LSCFrer exhibits a higher overall Sr atomic percentage (%at). Since
both Srsurf and Sriat species are included in the quantitative calculations, the elevated Sr %at. in
LSCFrer suggests that this sample contains a relatively greater amount of SrOx on its surface
compared to LSCFpry, despite their similar Stsurf/Stlat ratios.

Interestingly, LSCFrer also exhibits a relatively lower La %at. (Figure 6.11a). The combination
of higher Sr and lower La surface %at. may result from the partial substitution of La by Sr
cations at the A-sites of the perovskite lattice. An alternative explanation could involve the
substitution of La with Ce or Cd cations from GDC. This is consistent with the comparatively
higher surface concentration of GDC at the LSCFrer, as shown in both surface and bulk
quantifications in Figure 6.11. Ce doping at the La-sites of the LSCF perovskite is plausible,
given that both cations have similar sizes, and experimental studies indicate that such doping

can lead to lattice expansion without altering the centrosymmetric cubic space group of LSCF
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[513]. However, the aforementioned scenario should be viewed with caution, as the increased
concentration of GDC in Figure 6.11 may also result from a higher exposure of GDC grains at
the surface, as mentioned above in the text.

A close comparison of the spectra recorded in the FL area of the LSCFrer and LSCFpry
electrodes, shown in Figures 6.12a and b, reveals clear differences in the overall Sr 3d peak
shape. The peak fitting procedure attributes this variation to differing shifts in the Srsurf species
relative to Sriat, referred to ASrsut for brievity. In particular, the ASrsurf from 1.4+0.1 eV in the
LSCFrer drops to 1.1+0.1 eV LSCFpry. Notably, this 0.3 eV shift is consistent across at least
four measurement points and all three analysis depths, indicating a reliable and reproducible
effect that reflects differences in the chemical environment of the surface Sr oxide. Crumlin
and co-worker’s [514,515], demonstrated that BE shifts in the Sr 3d peak are quantitative
related to the abundance of oxygen vacancies (V o) in strontium oxides. Importantly, this shift
should not be confused with classical chemical shifts in XPS spectra, which are typically
induced by changes in the oxidation state of the cation.

It has been shown that the abundance of vacant oxygen sites can be probed by quantifying the
magnitude of BE shifts in XPS [514,515]. Specifically, a higher population of oxygen vacancies
results in a greater upshift in the Sr 3d binding energy. Referring back to the results in Figure
6.13, one could argue that the SrOx formed over LSCFrer contains more oxygen vacancies
compared to LSCFpry, given its larger ASrsurr. According to a previously proposed mechanism
of SrOx formation on Sr-containing perovskites [514], the driving force for Sr segregation from
the perovskite lattice to the surface is the electrostatic interaction between V o and Sr cations.
Due to the appearance of V' o more Sr cations migrate from the LSCF lattice to the surface,
creating a Sr-enriched surface layer. Apparently, a higher population of V o results in the
formation of increased SrOx amounts at the surface.

This scenario aligns with the reduction in surface Sr observed after electrolysis (i.e. LSCFpry)
indicated in Figure 6.11. Although the underlying mechanism behind the reduction of oxygen
vacancies during electrolysis cannot be deduced from these post-mortem studies, the presented

analysis highlights a clear correlation between the surface chemical state and composition.
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Figure 6.13. Sr 3d NAP-XPS specta collected at 350 °C in 2mbar O2 using 3 diffefent photon
enegries and thus information depths for (a) LSCFbry, (b) LSCFrer.electrodes The spectra are
fitted, with two sets of Sr 3d peaks as indicated in the figure. All spectra were recorded at the
FL. (¢) The peak area ratio of Srsuf and Sriat components as a function of analysis depth,

calculated from the spectra shown in (a) and (b).
6.4 Conclusions

In this chapter, we conducted an in-depth investigation of PrOx/GDC and LSCF/GDC oxygen
electrodes combining NAP-XPS and SEM-EDS techniques. The results revealed minimal
changes in both surface and bulk composition of the PrOx electrodes before and after
electrochemical testing, indicating excellent chemical stability. On the other hand, a key finding
for the LSCF oxygen electrodes was the surface segregation of Sr, which became prominent
during the pretreatment phase and persisted throughout long-term operation. The surface
concentration of Sr was found less after extended electrochemical testing. These findings are

crucial for the design and development of new high-performance oxygen electrode materials.
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7.1. Summary and general conclusions of the thesis

Solid oxide cells (SOC) hold significant potential for hydrogen production through water
electrolysis (in SOEC mode) and for power generation using hydrogen (in SOFC mode).
Nickel/yttria-stabilized zirconia (Ni/YSZ) composites are the most commonly used fuel
electrodes in solid oxide cells. These electrodes face degradation during operation, which can
be categorized into two main types: (i) irreversible degradation, which is primarily related to
the mechanical stability of SOEC devices (such as cracks, electrode delamination, and
contamination), and these effects can easily be confirmed through post-operation analysis of
the SOEC devices. (ii) Reversible degradation, particularly electrode oxidation, poses a greater

challenge to study because it is dynamic and highly dependent on the operating conditions.

Although many studies have examined the microstructural changes of Ni/YSZ under operating
conditions, the surface chemistry of Ni/YSZ under water electrolysis conditions remains less
understood. This thesis explored the surface chemistry of state-of-the-art fuel and oxygen
electrodes during water electrolysis. The unique capabilities of NAP-XPS technique,
extensively used in this work, allow for the retrieval of chemical and compositional information
from the electrode surface under reactive gas environments and operational conditions, offering
insights into different surface layers (surface and sub-surface), which was indispensable for

achieving the goals of this thesis.

The primary focus of this work is in state-of-the-art Ni/YSZ fuel electrodes and their surface
modification by ceria-based nanoparticles, rather than developing new electrode materials. This
is because current SOC technology still has significant room for improvement without the need
to explore entirely new electrode materials with lower TRL (Technology Readiness Level). The
research presented in this thesis predominantly utilizes commercial cermet electrodes with a
standard multilayer configuration (buffer layer, catalytic layer, and conductive layer) prepared
through traditional methods such as screen printing. Using functional materials, rather than
developing model samples, represents a bold approach in electrochemical research, as the
complexity of "real" cells far exceeds that of model systems. However, the advantages are clear

since this approach yields more easily applicable and instructive results.

In Chapter 3, we investigate the interaction between Ni/YSZ electrodes and water vapor under

both open circuit and polarization conditions using soft and hard X-rays NAP-XPS. Micro-cells

featuring a conventional porous Ni/YSZ cermet cathode were used, allowing direct

spectroscopic observation of the functional electrode region near the YSZ electrolyte interface.
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The results reveal dynamic changes in the oxidation states and composition of Ni/YSZ under
H> and H20 atmospheres. A crucial aspect of the work in Chapter 3 is the study of electrode
oxidation and its effect on the electrolysis performance. Through a carefully designed
experiment and pre-treatment process, we were able to control the surface state of the electrodes,
establishing a correlation between the oxidation state of the nickel surface during H2O
electroreduction and the electrochemical performance of the cell—something that is difficult to
achieve in traditional electrolysis studies. It is evident that, during H20 electrolysis, nickel
oxidation tends to form NiO rather than Ni(OH)x, providing key insights into the redistribution

of Ni phases within the electrode during long-term operation.

In addition, surface-sensitive photoemission measurements combined with quantitative
modeling revealed that during H2O electrolysis, NiO and Ni were uniformly mixed on the
surface. This observation deviates from the traditional expectation of the NiO shell/Ni core
configuration commonly seen in gas-phase oxidation. Typically, oxidation of transition metals
begins with the formation of a thin oxide layer on the surface, which serves as a protective
barrier against further oxidation. The conventional NiO shell/Ni core model seems to only apply
under non-polarized, static oxidation conditions. Under electrolysis conditions, however, the

Ni surface demonstrates a certain "oxidation resistance."

In Chapter 4, we explore the surface modification of Ni/YSZ electrodes using Ce-based
nanoparticles. This method builds on our group's previous work, including nanoparticle
synthesis and infiltration techniques. Traditional infiltration methods for cermet electrodes face
key challenges, such as multiple infiltration/calcination/reduction cycles and pore-blocking
issues. Our method involves dispersing 5 nm-sized Ni-doped (NiCeOx) and undoped (CeOy)
ceria nanoparticles in hexane, which are then directly applied to pre-fabricated Ni/YSZ cermet
electrodes through a single or double infiltration/co-firing step. This contrasts with the literature
where up to 10 steps are typically required, benefiting from the low surface tension of hexane

to achieve high ceria catalyst loading efficiently.

Although the two types of nanoparticles tested showed different levels of agglomeration,
dispersion sizes in the liquid phase, and slightly different particle sizes, both NiCeOx and CeOy
nanoparticles enhanced the electrolysis performance of Ni/YSZ electrodes when compared to
untreated pristine samples. We sought to explore the effects of varying infiltration amounts and
determined optimal performance for each type of nanoparticle. Specifically, NiCeOx, which is
smaller and less prone to agglomeration, exhibited better infiltration and significantly higher

electrolysis performance than CeOy. We hypothesize that NiCeOx nanoparticles uniformly
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decorate the Ni/YSZ scaffold's pores, reaching up to the electrolyte interface. In contrast, CeOy
nanoparticles, due to higher agglomeration in the liquid phase, primarily remain on the surface
of Ni/YSZ and are less likely to penetrate the bulk. Consequently, NiCeOx nanoparticles form
more 2PB (two-phase boundaries) and TPB (three-phase boundaries), providing more active

sites, increasing mass transfer, and resulting in superior electrolysis performance.

The success of Ni-doped ceria to improve the performance of Ni/YSZ cathode electrode, lead
us to synthesize and test ceria nanoparticles with other cation dopants, which is the subject of
Chapter 5. We explored vanadium oxide nanoparticles, V-doped Ce nanoparticles, and Co-
doped Ce nanoparticles. However, despite various synthesis methods, the experimental results
for V were unsatisfactory, and Co-doped Ce nanoparticles only slightly improved electrolysis
performance. The effect of nanoparticles reducibility and how they affect the surface properties
of the Ni/YSZ electrode is discussed in the same chapter. Experiments conducted at the MAX
IV synchrotron revealed that Ni-doping enchance the reduciblity of ceria nanoparticles, which
is expected to influence the dynamic oxygen storage capacity of the modified Ni/YSZ
electrodes. By using XAFS conducted at the ESRF synchrotron it was demonstrated that
NiCeOx nanoparticles facilitate the reducibility of Ni/YSZ compared to the reference cell.

In Chapter 6, it was presented a detailed surface analysis study of LSCF-GDC and Pr-GDC
oxygen electrode materials before and after long-term electrochemical testing. One major issue
discussed in the context of oxygen electrodes is St segregation in LSCF electrodes. Additionally,
we investigated the use of praseodymium oxide (PrsO11) mixed with GDC as an alternative
electrocatalyst for oxygen electrodes. It was shown that Pr is very mobile under pretreatment
and electrolysis tests and can found in rather high quantities on the surface of both functional

and conductive layers of the electrode.

7.2 Perspectives and proposed future work

In this study, was explored the electrolysis performance of both unmodified and modified
Ni/YSZ electrodes using an infiltration method. While the results were highly encouraging, I
must acknowledge that they are far from complete. For instance, in the comparative
experiments between NiCeOx and CeOy-modified electrodes, both types of nanoparticles were
extracted using conventional methods. Specifically, after the thermal decomposition of Schiff
base metal complexes in oleylamine, we used methanol for nanoparticle extraction. However,
in results not included in this thesis, it was observed that varying the amount of methanol
resulted in different nanoparticle properties. For example, adding 2.5 mL methanol to the 10
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mL oleylamine solution produced larger nanoparticles with a higher Ce content, while adding
5 mL or 7.5 mL yielded smaller particles with a higher Ni content. Future experiments can be
designed to further test these variations, and select the accordingly the nanoparticles for Ni/YSZ

infiltration.

In terms of nanoparticle synthesis, we also explored vanadium nanoparticles. While the results
were not particularly promising, this line of research should not be abandoned. More synthesis
methods could be applied to control the size of V nanoparticles. In the synthesis of VCe, I used
a 1:1 ratio of Schiff base ligands, but future work could experiment with different ratios, starting
with smaller amounts and gradually increasing. Based on the performance of VCe nanoparticles
shown in Figure 5.8, I remain optimistic about their potential. The same logic applies to CoCe
nanoparticles. Additionally, cations such as Ru, Ti, Fe, and Mn possess unique catalytic
properties, making them promising candidates for nanoparticle synthesis using Schiff base
metal complexes. These nanoparticles could be used to improve Ni/YSZ electrode performance

and durability through infiltration experiments.

The hexane-based nanoparticle infiltration method demonstrated high efficiency and potential.
It could also be applied to perovskite-based LSFC electrodes. Perovskite-based cathode
electrodes have garnered growing attention as promising cathode materials in SOECs due to
their sufficient ionic and electronic conductivity and high thermal stability. However, relatively
poor catalytic activity remains a significant challenge for most perovskite-related oxides. As
demonstrated in this study, ceria nanoparticles can easily penetrate the entire electrode volume
without significantly affecting macroscopic properties such as porosity. This method could also
be used to regenerate deactivated electrode surfaces, offering exciting possibilities for future

research.

One crucial point that cannot be overlooked is that despite the advanced and highly efficient
characterization technique of synchrotron NAP-XPS, it has an inherent disadvantage when
applied to SOFC and SOEC research—it operates within a single reaction chamber. To match
this setup, we also utilized a single-chamber reaction setup in our lab-scale experiments. This
leads to the mixing of fuel gas and air in SOFC experiments, as well as the mixing of product
gases with the reactant gases in SOEC experiments. Such mixing can significantly impact the
electrode surfaces, typically in a negative manner, causing deviations in the measured results
compared to those from actual electrolysis devices. For example, the oxidation state evolution

on the electrode surface can occur too rapidly, leading to accelerated cell degradation.
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Mechanisms related to mass transport, as observed in EIS experiments, might also be

inaccurately measured due to this setup.

Another issue is that to ensure rapid evacuation of gas products from the reaction chamber via
the vacuum pump, the chamber pressure is usually much lower than the pressure found in real-

world reactions. However, this limitation is still acceptable within the scope of our research.

For long-term performance tests of steam electrolysis, there are still areas that can be improved,
such as addressing the water supply issue. Additionally, we discovered that long-term H2O
electrolysis experiments can proceed for considerable periods without adding H> as a reducing
agent. In my trials, the cell’s performance dropped to about 30% of its original level within the
first 20 minutes but remained stable for nearly 20 hours afterward. This may be due to the effect

of the produced Hz on the surface of the Ni/YSZ electrode.

Last but not least, the co-electrolysis of CO2 and H20 is another important and intriguing topic.
Co-electrolysis of H20 and CO:z is a more complex process due to the simultaneous occurrence
of three reactions: H2O electrolysis, CO2 electrolysis, and the catalytic reverse water-gas shift

reaction (RWGS).

In summary, in my opinion this work successfully elucidates the effects of nanoparticle
modification on the performance of Ni/YSZ electrodes in steam electrolysis, demonstrating
significant improvements in both efficiency and short-term stability. The combination of
innovative material design and advanced characterization techniques has provided valuable
insights, which not only contribute to academic discourse but also hold practical implications

for the future of sustainable energy solutions.
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