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Abstract

Solid Oxide Electrolysis Cells (SOEC) are high temperature electrochemical devices where water dissociates to
hydrogen and oxygen under an applied potential. SOEC technology has a huge potential for future mass production
of hydrogen and shows great dynamics to become commercially competitive against other electrolysis technologies
(e.g. alkaline or polymer membrane electrolysis), which are better established but more expensive and less efficient.
This is mainly due to the fact that by increasing the operating temperature the demand in electrical energy is
significantly reduced, allowing high electrical-to-chemical energy conversion efficiencies. On the downside, up to now
SOECs devices are still not commercially viable mainly due to the difficulty to find materials that fulfill the high-
performance and durability requirements at high operating temperatures. The general objective of this thesis is to
deal with the two major drawbacks that hamper the penetration of SOEC technology in the energy market, namely
high degradation rates and device cost. Voltage degradation during the ageing of the cell is the performance indicator
which is translated in an increase on the overpotential that has to be applied to an electrolysis cell in order to maintain

constant hydrogen production.
Résumé

Les cellules d'électrolyse a oxyde solide (SOEC) sont des dispositifs électrochimiques a haute température dans
lesquels l'eau se dissocie en hydrogéne et en oxygéne sous un potentiel appliqué. La technologie SOEC offre un
potentiel énorme pour la production future massive d’hydrogéne et montre une grande dynamique pour devenir
compétitive sur le plan commercial par rapport a d’autres technologies d’électrolyse (par exemple, I'électrolyse a
membrane polymére ou alcaline), mieux établies mais plus colteuses et moins efficaces. Ceci est principalement di
au fait que I'augmentation de la température de fonctionnement permet de réduire considérablement la demande en
énergie électrique, ce qui permet des rendements de conversion d'énergie électrique a chimique élevés. A la baisse,
les dispositifs des pays de I'Europe centrale et orientale jusqu’'a présent ne sont toujours pas viables
commercialement, principalement en raison de la difficulté a trouver des matériaux qui répondent aux exigences de
haute performance et de durabilité aux températures de fonctionnement élevées. L'objectif général de cette thése est
de traiter les deux inconvénients majeurs qui entravent la pénétration de la technologie SOEC sur le marché de
I'énergie, a savoir les taux de dégradation élevés et le colt des équipements. La dégradation de la voltage au cours
du vieillissement de la cellule est l'indicateur de performance qui se traduit par une augmentation du overpotential

qu’il faut appliquer a une cellule d’électrolyse afin de maintenir une production constante d’hydrogéne.
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Résumé

a) Introduction

La demande en énergie augmente de plus en plus rapidement avec la mondialisation. Le
charbon, le pétrole et le gaz naturel sont les principaux fournisseurs d'énergie actuellement,
Cependant, les problemes liés aux émissions de gaz a effet de serre, aux sources d'énergie et a
leurs cotts, tels que la diminution de la qualit¢ des réserves de combustibles fossiles, les
maladies humaines et environnementales et les risques climatiques sont de forts arguments en
faveur du passage a des ressources énergétiques plus écologiques basées sur les énergies
renouvelables. . Les sources d'électricité renouvelables, telles que I'énergie éolienne et solaire,
sont généralement intermittentes car non disponibles en permanence et doivent étre combinées a
une énergie plus stable sur sa production dans le temps. Il s’aveére nécessaire de développer des
technologies efficaces pour stocker 1’énergie en la convertissant en une autre forme d’énergie[1].
Ceci est le cas en particulier 1’électricité, afin de la rendre disponible lors des pics de

consommation.

L'hydrogene est considéré comme un vecteur d'énergie et de stockage attrayant pour le
développement d'une source d'énergie propre et durable. La principale production d'hydrogeéne
provient du reformage a la vapeur et de la gazéification du charbon. Ces deux réactions créent un
gaz de synthése (un mélange composé principalement de CO et de H;). Ces produits peuvent
ensuite étre valorisés par la réaction du gaz a I’eau (ou water-gas shift reaction en anglais (WGSR))
pour produire plus d'hydrogene[2]-[5]. Une autre voie, 1'¢lectrolyse de 1'eau est une voie assez
couteuse sauf pour les pays disposant d’énergie hydraulique. L’utilisation de 1’électrolyse pour la
production d’hydrogene a fait un bref retour sur la sceéne scientifique apres les chocs pétroliers
des années 1970[6].Actuellement en utilisant 1'énergie produite a partir de sources renouvelables,
telles que le soleil et le vent, 1’¢électrolyse fait I’objet d’une attention particuliére pour générer de

I'hydrogene propre et exempt de CO et de CO,.

L’intérét actuel pour la génération future d’hydrogeéne concerne les électrolyseurs alcalins, a
membrane polymere échangeuse de protons et a oxyde solide. L'électrolyse alcaline est la
technologie la plus ancienne et la seule disponible sur le marché. Cette technologie est la plus

énergivore et produit de 1'hydrogeéne de la plus basse pureté. Les é€lectrolyseurs a membrane

10



polymere échangeuse (PEM), ou comme on les appelle souvent électrolyseurs a polymere solide
(SPE), sont basés sur la technologie de la pile a combustible a PEM inversée. Ils peuvent
fonctionner une température au moins ¢égale a celle des ¢électrolyseurs alcalins ou a une
température supérieure (dans le cas de PEM a haute température) et ont généralement un
meilleur rendement. Ils sont sur le point de devenir disponibles dans le commerce. Les
¢lectrolyseurs PEM peuvent étre considérés comme un développement incrémental
d'¢lectrolyseurs alcalins. La principale différence est qu’ils utilisent un systeme plus avancé
technologiquement, a savoir une membrane polymére. Comme l'iridium est I'un des €léments les
plus rares de la crofite terrestre, la quantité élevée d’iridium dans les ensembles d’électrodes a
membrane (MEA), dans lequel se produit la séparation de 1’eau, est un des facteurs qui en

empéche son application a grande échelle.

L'¢lectrolyse de I'eau utilisant des cellules d'électrolyse a oxyde solide a haute température
(SOEC) a été considérée comme une voie efficace pour ce processus en raison d'une cinétique et
d'une thermodynamique favorables a températures ¢levées[7]-[18]. En plus du rendement élevé,
cette voie conduit ¢galement a I’utilisation d’oxygéne pur, améliorant de maniére significative
I'économie globale du processus[19]. Cependant, en raison du fonctionnement a haute
température, des matériaux spéciaux sont nécessaires pour résister aux conditions dures du
processus. Cette technologie, offre la plus haute efficacité faradique, mais aussi en raison d’une
possibilité¢ d'¢lectrolyse directe du COjla technologie peut s'étendre a la co-électrolyse
simultanée de H,O et de CO,. Le produit de cette co-¢électrolyse conduit a 1’obtention du gaz de
synthése (CO, H;) , qui peut ensuite étre retraité pour obtenir un carburant synthétique par la

réaction de Fischer-Tropsch[20], [21].

Pour cette raison, les électrolyseurs a oxyde solide offrent la possibilit¢ de stocker et de
transporter de I'énergie chimique provenant d'énergie renouvelable et/ou d'énergie excédentaire

provenant de centrales a combustibles fossils.

Les dispositifs SOECs ne sont toujours pas viables sur le plan commercial jusqu’a présent,
principalement en raison de la difficulté¢ a trouver des matériaux qui répondent aux exigences
performance et de durabilité aux hautes températures de fonctionnement. Les cermets sont des
matériaux composites composés de céramique (cer) et de nickel (met). Les cermets a base de Ni,

sont actuellement les €lectrodes cathodiques de SOEC les plus largement utilisés.
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Ceci est principalement di a leur faible colt et a leur activité électrocatalytique élevée.
Cependant, la dégradation des performances des électrodes en cours d’exploitation demeure un
probléme critique qui entrave la pénétration de la technologie SOEC sur le marché de 1’énergie.
L’oxydation du nickel induite par la vapeur a été accusée d’étre le facteur de dégradation majeur.
Ce vieillissement est di a la conductivité électronique et a 1’efficacité de dissociation de 1’eau de

I’oxyde de nickel inférieures a celles du métal.

Dans ce travail, nous nous focalisons sur deux é¢lectrodes cathodiques a base de nickel, la
premiere composée de nickel sur de ’oxyde de cérium dopé au gadolinium (Ni/GDC) et la
seconde constituée de nickel sur de I’oxyde de zirconium-yttria stabilis¢ (Ni/YSZ). Notre étude
porte sur la mise en relation de 1’état d’oxydation du nickel et de la réponse électrochimique de
cellules SOEC. Nous cherchons ¢également a développer des dispositifs SOEC par modification
de surface d'électrodes Ni/YSZ en utilisant des nanoparticules de cérium a substitution
métallique (notées MCeOx NPs) comme promoteurs €lectrocatalytiques. Cette manicre de doper,
favorise une introduction localisée de sites d’oxyde de cérium et de nickel dans la zone
¢lectrochimique active, sans affecter la stabilit¢ mécanique de 1'¢lectrode. Ces études ont été
réalisées en utilisant des données expérimentales fiables obtenues par la spectroscopie
d’ absorption étendue des rayons X pour les structures fines et par la spectroscopie de photoélectrons
a rayons X proche de la pression ambiante dans des installations de synchrotron, ainsi que par

des méthodes de pointe standard au laboratoire (XPS, XRD, TEM, SEM, RAMAN).

b) Résultats et discussions

Les ¢lectrodes Ni/GDC et Ni/YSZ ont été testées dans les conditions initiales de mélanges
gazeux (25% H2 + 75% H,0) sous un courant constant de -20 mA et a 630 ° C, ce qui
correspond a une densité de courant de -100 + 5 mA / cm®.Les spectres XPS obtenus de divers
¢léments ont été analysés a I'aide du logiciel CasaXPS. Un spectre typique de Ni2p et Ce3d qui
se situe dans la BE (850-920) eV montre des phénoménes de recouvrement (multisplitting) qui
nous incitent a les analyser avec des spectres de référence par dé sommation. Une amélioration
des performances électrochimiques a été constatée au cours de I'expérience, et pour comprendre

la raison de cette amélioration, les données NAP-XPS ont été analysées.
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Figure 1. Réduction de I'électrode Ni-GDC a) Evolution dans le temps du surpotentiel de
cellules Ni-GDC / YSZ / Pt (ligne noire continue) et évolution du rapport des composants Ce®" /
Ce*" (points bleus), déduite de I'analyse des spectres 3d correspondants de NAP-XPS Ce. Les
mesures ont été effectuées sur des cathodes Ni-GDC pré-oxydées dans un mélange gazeux H,O /
H, 3: 1 a 640 ° C et a courant constant de -100 mA / cm?. Le fond bleu représente 1'incertitude
dans le calcul du ratio Ce** / Ce*" principalement 1i¢ & la procédure de désommation. b) Spectres
NAP-XPS caractéristiques de Ni2ps, et Ce 3d dans H,O / H, avant et apres 1'application en
cours. Deux composantes de Ce 3d ont été utilisées pour ajuster les spectres correspondant aux

états d'oxydation Ce’™ (bleu) et Ce*™ (rouge) de l'oxyde de cérium.

On observe une corrélation entre la réduction de la consommation de surpotentiel et la réduction
de l'oxyde de cérium (Ce4Jr — Ce3+), comme indiqué dans la figure.la. Le spectre Ni 2ps;
obtenu avec le mélange H,O / Hyen début d’expérience montre le pic caractéristique du Ni
métallique (fig. 1b). La corrélation entre la réduction du I’oxyde de cérium et ’amélioration des

performances électrochimiques est également montrée par le retour des conditions
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expérimentales de température et la pression partielle de l'eau a I'état initial. Ceci sans

changement morphologique de 1’¢lectrode Ni/Ce, comme le montre la figure.2.

Afin d'accélérer 1'oxydation du nickel, des impulsions d'oxygéne ont été introduites dans les
mélanges gazeux a 25% H, + 75% H,O sous un courant constant de -20 mA et a 630 ° C, comme
indiqué sur la figure (fig.2). Les modifications morphologiques de 1'¢lectrode sont examinées par
microscopie ¢électronique a balayage ex situ. Les résultats suggerent que, avec un degré
d’oxydation du nickel similaire, les cellules SOEC contenant des électrodes Ni/YSZ présentent
des surpotentiels jusqu’a 40% supérieurs, tandis que pour Ni/GDC, elles ne dépassent pas 4%
comme indiqué dans la figure (fig.3). Ceci est une preuve directe que le mécanisme de

dégradation des cermets contenant GDC et YSZ est différent.

Cela suggere également que GDC participe activement a 1'électrolyse de l'eau en trouvant les
sites actifs et les chemins de transfert de charge ioniques et ¢€lectroniques nécessaires.
L’incorporation de courant continu a la surface des électrodes conventionnelles en Ni-YSZ
pourrait constituer un moyen efficace d’améliorer les performances ¢électrochimiques.
L’observation de ce résultat a savoir qu’un impact mineur de la stabilité thermique et mécanique
de la cellule permet I’augmentation significatives des performances et la stabilité des cellules
SOEC pour I’¢lectrode Ni-YSZ nous a conduit a envisager une autre voie de modification. Celle
—c1 s’envisage comme une modification des électrodes de cermet avec I'imprégnation de
nanoparticules de cérium a substitution Ni (Nig;Ce 90,4 NPs). Cette approche permet d’obtenir
du cérium hautement réductible et d’abondants sites d’interface Ni / oxyde de cérium dans un
seul matériau. De plus, en raison de leur petite taille, les NP peuvent étre facilement incorporés
sur des ¢lectrodes Ni-YSZ standard [squelette] avec un minimum d'empreinte sur les

caractéristiques globales de la cellule.
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Figure 2. a) Evolution dans le temps du surpotentiel (cathode Ni-GDC & droite et cathode Ni-
YSZ a gauche) (ligne noire) et signal du spectromeétre de masse en ligne de 1'oxygene (ligne rose)
mesuré a courant constant de 100 mA/cm? alors que différentes concentrations de O, ont été
introduites dans la charge H,O/H,. La température a ét¢é maintenue constante a 640 °C. b)

Spectres Ni2p NAP-XPS enregistrés aux moments caractéristiques des conditions apparaissant
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en a. Deux composants de Ni2p ont été utilisés pour ajuster les spectres correspondant au Ni

métallique (vert) et au NiO oxydé (rose).
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Figure 3. a) Comparaison de l'augmentation en% du surpotentiel des cellules avec des électrodes
de cathode Ni-YSZ et Ni-GDC en fonction de la quantité relative de NiO et de 1'épaisseur
moyenne du film de NiO (déduite de 1'analyse du NAP-XPS correspondant) Spectres Ni 2p
enregistrés avec une énergie photonique de 1320 eV). Les mesures ont été effectuées a 640 ° C et
a un courant constant de -100 mA / cm? tandis que différentes concentrations de O2 ont été
introduites dans l'alimentation H,O/H,. Spectres d'impédance présentés sous forme de Nyquist,
obtenus avec un courant appliqué constant de -100 mA cm-> & 640 °C dans H,O/H, (3/1) et
H,O/H,/O; (3/1/1) a une pression totale de 0,5 mbar de deux cellules électrochimiques avec des
¢lectrodes de travail b) Ni-GDC et ¢) Ni-YSZ. Les circuits équivalents utilisés pour 1’ajustement
des données d’impédance sont indiqués ci-dessus de chaque graphique. Les données mesurées
sont données par des symboles, tandis que les résultats d'ajustement sont montrés par des lignes.
Dans les 2 cellules, des électrodes de compteur de Pt et de référence de géométrie identique ont

été utilisées.

Des nanoparticules de cérium dopées au nickel (Nig;Ce 902« NP) ont été fabriquées a partir de
complexes a base de Schiff et caractérisées par diverses méthodes microscopiques et

spectroscopiques[22]. Les NPs Nig ;Ce 90« présentent une réductibilité accrue sous flux d” H,
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comparés aux particules classiques de Ni supportées sur de I'oxyde de cérium et sous flux d” O,
les cations nickel dopants sont oxydés a une valence supérieure a celle des particules
supportées[23]. Dans les deux conditions, a basse température, le pic Ni 2p;» des NP
Nip,1Ce,00,« estattribué a 1’ espece Ni**. Dans le cas de Ni déposé sur CeO,, le pic principal de
Ni 2psp a 854.1 eV est accompagné d’un épaulement autour de 855,3 eV et intense (50 £ 5% de
la hauteur de pic principale Ni 2ps/,) décalée de 6.9 eV du pic principal (Fig. 4a), caractéristique
de NiO en vrac[24]-[27].

Ces différences d’état Ni**™ pour les NPs et Ni*" pour Ni/CeO,révéle une interaction forte du
nickel dans le réseau d'oxyde de cérium pour Nig;Ce90,«. Le degré d'oxydation du nickel reste
inchangé jusqu'a 200 °C sousH», tandis qu'a 400 °C d le déplacement de Ni 2ps, a 852.7 eV et
l'intensité maximale du satellite chutent considérablement. Ceci est une indication claire de la
réduction du nickel a I'état métallique pour les deux types d’échantillons. Les contributions
obtenues aprés désommation du pic Ce3d en composants Ce’" et Ce*" (figure 4b) sont
présentées dans le tableau 1. Ce tableau montre clairement que, dans des conditions de traitement
par H, identiques, la quantité¢ d'espéce Ce’” pour les NP Nip;Ceo9O,., est jusqu'a 7 fois plus

¢levée que celle présente pour Ni/CeO,.

a) Ni 2ps), & | b)ce3d
H, @ 400°C

0, @ 400°C »:-“A

f

1 ,
had "‘\(/ |
\ ,J/ w Nig1Cess0,, NPs
Nig,Ce, .0, , NPs

J\// \/ /\‘1]

\
10% Ni/CeO, k

875 870 865 860 855 B850 gy0 910 000 890 880
Binding Energy / eV Binding Energy /eV

Intensity /a.u.

10% Ni/CeO,

Figure 4. (a) Comparaison des spectres Ni 2p3. entre des échantillons NPs Nig ;Ce 902« et 10%
Ni/CeOsenregistrés apres calcination a 400 °C échantillons de référence enregistrés dans des

conditions de réduction identiques (400 °C dans Hy).
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Tableau 1. Concentration en% des espéces Ce’" issue des spectres XPS du Ce 3d pour différents

traitements de gaz.

Conditions
Niy.1Cey.90;.«
10%Ni/CeO;,

calcined 0 0
200 °C in H, 27 5
400 °C in H, 74 10
200 °C in O, 31 10
400 °C in O, 0 0

Apres avoir montré que les NPs Nig;Ce 90« sont relativement stables en taille et forme et
capables de conduire a la formation vacants d'oxygeéne, nous explorons leur potentiel sur
I’activité électrochimique des électrodes Ni-YSZ pendant I’¢lectrolyse a la vapeur. A cette fin, la
solution de NigCep902x a €té coulée directement sur le WE (Ni-YSZ) d’une cellule Ni-
YSZ/YSZ/Pt préformée et soumise a des traitements d’oxydation et de réduction pour éliminer
les résidus organiques. La cellule Ni-YSZ/YSZ/Pt modifiée avec I’'imprégnation des NPs
Nip,1Ce,00,.« est désignée ci-apres par l'abréviation NiCe@NiYSZ.

Ces performances sont comparées avec la cellule Ni-YSZ/YSZ/Pt (en abrégé, Ni-YSZ) avant
modification dont les performances ont été¢ évaluées dans des conditions identiques. Les tests
¢électrochimiques ont été réalisés en présence de vapeur d’eau a 100% et non dans un mélange

H,O/H,; comme il est d'usage, afin de simplifier l'interprétation des résultats et d'éviter les
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complications liées a 1'H,. La méme cellule est utilisée pour les tests électrochimiques avant et
apres modification. Afin d'éviter une dégradation irréversible de la cellule, les conditions des
tests sont maintenues dans des conditions relativement douces (température basse, pression et
densités de courant faibles) et ceci afin de ne pas masquer l'effet des NPs Nig ;Ce 002 Les
courbes de polarisation de 1'électrode Ni-YSZ en mode SOEC sous 0.5 mbar H,O, avant et apres
l'ajout de NPs Nij ;Ce 901, sont représentées sur la figure 5a. Il est clair que les performances

de polarisation sont améliorées pour la cellule dopée NiCe@NiYSZ.

En particulier, apres I’ajout des NPs Nig;Ce 901, le surpotentiel total, y compris les pertes
d’activation, ohmiques et de concentration, est considérablement réduit. Il est également clair
que I"augmentation de la charge de NPs Nij ;Ce 9O« dés 100|,lL/crn2 et au-dela 200, 300, 400 et
500 pL/cm? est bénéfique pour la performance car elle conduit & une diminution significative du
surpotentiel. Pour soutenir cet effet important des NPs Nig;Cep9Os.x dans des conditions
d'¢lectrolyse plus réalistes, les performances du Ni-YSZ et des cellules d'¢lectrode
NiCe@NiYSZ a forte charge ont également été étudiées a 23 mbar H,O (ce qui correspond a
environ 77% d'humidité relative) et a région i-V plus étendus, en utilisant 2 cellules distinctes
mais identiques en formulation. Comme le montrent les courbes i-V de (Fig. 5c) pour la cellule
non dopée Ni-YSZ, le surpotentiel augmente presque linéairement avec la densité de courant
appliquée, ce qui est une indication de la détérioration des performances de I'¢lectrode, attribuée

a l'oxydation du nickel comme proposée précédemment.

L’¢lectrode modifiée aux NPs Nip;Cep9O1x présente une performance supérieure sans
dégradation évidente jusqu'a des densités de courant beaucoup plus élevées que celles testées
pour la cellule de référence. Des diagrammes de Nyquist des données d'impédance mesurées a -
20 mA en mode électrolyse sont représentés sur (figure 5b) avant et apres chaque chargement
des gouttes. La résistance ohmique Rel (valeur d'axe réel a l'interception haute fréquence), est
liée a la conductivité de 1'¢lectrolyte et la résistance de polarisation RP (diamétre du demi-
cercle). Cette résistance lie a la cinétique des réactions et a la diffusion externe de l'eau a
I'¢lectrode indique la diminution de ces deux grandeurs apres l'addition des NPs Nip ;Cep9Or«
indépendamment de la pression de l'eau. La valeur réelle de I'axe a l'interception basse fréquence
est la somme de la résistance de polarisation et de la résistance de 1'¢lectrolyte. Comme on le voit

sur la figure 5d, la résistance ohmique de I'¢lectrode et la résistance de polarisation a 23 mbar de
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vapeur diminuent considérablement, ce qui indique une amélioration de la conductivité¢ de

I'électrode N1Y SZ par addition de Nig ;Cep9O,.
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Figure 5. a) Courbes de densit¢ de surtension du courant mesurées dans des conditions

d'¢lectrolyse a la vapeur (a 650 °C sous 0.5 mbar de 100% H,0) sur des ¢électrodes Ni-YSZ avant

et aprés l'addition de deux imprégnations de NPs Nig;Cep 90, (100, 200,300,400, et 500 et

570 uL). b) Les données d'impédance sont indiquées ci-dessus pour chaque charge d'¢lectrodes

de travail Ni-YSZ et NiCe@NiYSZ. c) Courbes de densité de surtension du courant mesurées sur

des ¢électrodes de travail NiYSZ et 570NiCe@NiYSZ ( pour une imprégnation de 570 pL lors

d'une ¢lectrolyse de tige

a 650 °C a 23 mbar 100% H,0O. d) Données d'impédance

correspondantes des électrodes de travail. Une électrodeUn compteur de Pt et des électrodes de

référence de géométrie identique ont été utilisés dans toutes les mesures.
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¢) Conclusion générale

La relation entre les performances de la cellule et 1'é¢tat d'oxydation de la surface de la cathode
pour les ¢électrodes de cermet Ni-YSZ et Ni-GDC au cours de I'électrolyse a la vapeur a été mise
en évidence. Il a été constaté qu'une couche de NiO de quelques nm d'épaisseur sur une électrode
Ni-YSZ augmentait de maniere significative le surpotentiel pour une réaction d'électrolyse, mais
dans le cas du Ni-GDC, son effet était mineur. De fortes démonstrations sont faites sur
I’influence de 1’état d’oxydation de la surface du GDC sur le surpotentiel de la cathode pendant
I’¢lectrolyse et en particulier sur I’amélioration des performances avec le degré de réduction de
la surface du GDC. Dans I’ensemble, nous avons démontré que de petites modifications
réversibles sur les quelques nm extérieurs des €lectrodes cathodiques ont une influence majeure
sur les performances électrochimiques de la cellule pendant I’¢électrolyse a la vapeur pour des

ajouts bien choisis.

L'imprégnation d'électrodes de cermet Ni-YSZ standard avec des nanoparticules de cérium
dopées au Ni notés Nip Ce 002« a amélioré les performances électrochimiques. Cette méthode
permet ainsi d'introduire une grande population de sites d’oxyde de cérium facilement
réductibles et hautement interfacés a la surface du Ni-YSZ avec une empreinte digitale
négligeable sur 'ensemble de la morphologie de la cellule, propriétés mécaniques ou porosité des
¢lectrodes. La caractérisation électrochimique dans des conditions d'¢lectrolyse de 1'eau a basse
température a montré que les électrodes Ni-YSZ modifiées sont considérablement améliorées, et
en particulier les pertes de polarisation sont beaucoup plus faibles par rapport a la cellule
d'origine non modifiée. De plus, aprés modification, les électrodes Ni-YSZ conservent leur
activit¢ méme dans des conditions d'¢lectrolyse hautement oxydantes, sans qu'il soit nécessaire
d'introduire un agent réducteur (par exemple H,). La caractérisation de la surface a suggéré que
I'amélioration de la performance est liée & une population importante de sites Ce®* et Ni**

maintenus sur une surface de Ni-YSZ pendant 1'¢lectrolyse.
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List of Abbreviations

WGS Water Gas Shift

PEM Proton Exchange Membrane

AEL Alkaline Electrolysis

SOEC Solid Oxide Electrolysis Cell

SOFC Solid Oxide Fuel cell

RSOFC Reversible Solid Oxide Fuel cell

FTIR Fourier Transform Infrared

DRIFT Diffuse Reflectance Infrared Fourier Transform
Spectroscopy

HT High Temperature

YSZ Yttria-Stabilized Zirconia

GDC Gadolinia doped Ceria

BV Butler Volmer Equation

XANES X-Ray Absorption Near Edge Structure

XAS X-Ray Absorption Spectroscopy

XPS X-Ray Photoelectron Spectroscopy

XRD X-Ray Powder Diffraction

NEXAFES Near Edge Absorption Fine Structure
Spectroscopy

AEY Auger Electron Yield

TEY Total Electron Yield

UHV Ultra High Vacuum

UPS Ultraviolet Photoelectron Spectroscopy

FY Fluorescence-Yield

BE Binding Energy

IMFP Inelastic Mean Free Path

KE Kinetic Energy

VB Valence Band
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WE Working Electrode

RE Reference Electrode

CE Counter Electrode

v Current-Voltage

NAP Near Ambient Pressure

EDX Energy-Dispersive X-Ray Spectroscopy
EIS Electrochemical Impedance Spectroscopy
R, Polarization resistance

R Ohmic Resistance

FC Fuel Cell

FWHM Full Width At Half Maximum

ocCp Open Circuit potential

PE Pass Energy

QMS Quadrupole Mass Spectrometer

SEM Scanning Electron Microscopy

STEM Scanning Transmission Electron Microscopy
SUT Sample Under Test

NPs Nickel Doped Ceria Nanoparticles

DC Doped Ceria

MIEC Mixed lonic-Electronic Conductor
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Figure 1.21. Nyquist plots for symmetric anode cells tested at 600 °C. The size of the arc
indicates the magnitude of the polarisation losses. The infiltrated cell showed much lower

polarisation losses than the reference both before and after 50 h aging.

Figure 1.22. A) Normalized intensities of the a) NiO and b) CGO Raman peaks monitored as a
function of time from pure NiO and CGO samples exposed to dry and wet 75% N»:25% H,
flowing at 100 cm® m™' . The reduction of NiO is unchanged by the presence of water in the
reduction gas, while the CGO appears to be strongly stabilized B) Normalized intensities of the
CGO peak monitored from pure and NiO-CGO composites under a) dry and b) wet 75% N»:25%
H, flowing at 100 cm® min~' over long timescales. CGO within the cermet appears to reduce
more rapidly, and without intermediate phases when exposed to dry H,. It is also more strongly
reduced. When exposed to wet H,, the CGO within the composite is reduced relatively quickly
before recovering on longer timescales, tending to the same oxidation state observed for pure

CGO[41].

Figure 1.23. Common setups used for the characterization of catalytic samples using infrared
absorption spectroscopy. Top, left: 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. Top, right: 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. Bottom,
left: 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. Bottom, right: reflection—absorption (RAIRS)

mode, where the beam is bounced from a flat reflective surface before collection[42].

Figure 1.24. 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 the chamber. (C) SOC operation configuration. (D) Full schematic view of

DRIFTS rig showing mirror assembly and beam path[43].

Figure 1.25. Schematic of the processes occurring during photoemission and absorption
spectroscopies[44]. Survey spectrum for Ni-YSZ cathode electrode after heating under 0.5 mbar

O, to remove carbon.
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Figure 1.26. O K-edge spectra of Ce; xCoxO,(0 < X < 0.07) nanoparticles along with reference
spectrum of Ce,0;[45].

Figure 1.27. O 1s, Fe 2p, Co 2p, and Sr 3d core level XPS spectra of LSC (black), STF (blue),
and LSF (red) thin films under polarization (indicated voltage)[46].

Figure 1.28. Valence band and Fe 2p XPS spectra of STF (a, c) and LSF (b, d) polarized by
different overpotentials in H»/H,O atmosphere. Each spectrum is plotted with the same scale.
The applied overpotentials are indicated for each spectrum. (e) DC-characteristics of LSF (red

squares) and STF (blue circles)[46].

Figure 1.29. Current—overpotential curve (Ig. vs.) of LSF in a humid reducing atmosphere (0.25
mbar H,+0.25 mbar H,0).The reaction proceeding on the surface of the LSF working electrode
is given on the top right. For selected points of the curve (indicated by arrows), the Fe2p XPS
spectra are shown as insets. The sketches indicate the situation for the LSF surface and the

resulting reactivity, respectively[47].

Figure 1.30. (/eft) Operando Ni 2p3, XPS spectra and fitted synthetic deconvolutions of very
oxidized (A) and partially oxidized (B) Ni electrodes. Of the three peaks of metallic Ni only the
main metallic peak (Ni pkl) could be resolved in (A)[48]. (right) Operando O 1s XPS spectra
acquired from Ni electrode at three different oxidation conditions: no oxidation (black), partially
oxidized (blue), and very oxidized (magenta). [NiO]JOH and NiO[OH] represent the oxygen
components present in NiOOH and do not appear in the metallic Ni. (B) Bar chart comparing the
areas of the synthetic peaks shown in (A)[48].

Figure 1.31. (A) Spatially resolved cerium redox changes (Ce’* fraction) calculated from fitted
Ce 4d spectra under OCV and £1.2 V applied biases. (B) Spatially resolved binding energy
separations (i.e., surface potential steps) between surface adsorbates (OH ) and solid surface
(O*) derived from O 1s spectra under OCV and +1.2 V applied biases. (C) Example of Ce 4d
peak fitting. (D) Correlation between Ce®* fraction changes and surface potential step changes
under +1.2 V applied bias versus OCV. The Ce’" positions were corrected for a 50 um
experimental shift associated with wusing different beam energies in different XPS

measurements[49].
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Figure 1.32. Left spectra (a) Ce 3d-Ni 2p (hv=1065 eV) NAP-XPS spectra (b) Ni L;,-and Ce
M; 4-edges NEXAFS spectra. The measurement conditions were 0.2 mbar O,at 700 °C (top) and
500 °C (middle). The measured Ce 3d&Ni2p spectrum (open symbols) is well fitted (black solid
line) by a linear combination of the reference CeO, and NiO spectra shown at the bottom of the
figure and measured under similar acquisition conditions over standard powder samples. Right
spectra (a) Ce 3d-Ni 2p (hv=1065 eV) NAP-XPS spectra (b) Ni Ls,-and Ce Ms 4-edges
NEXAFS spectra. The Ni Lz, edge is magnified 4 times. The measurement conditions were 0.2
mbar Hjat 700 °C (top) and 500 °C (middle). The measured Ce3d&Ni2p spectrum (open
symbols) is well fitted (black solid line) by a linear combination of the reference CeO, s and
metallic Ni spectra shown at the bottom of the figure and measured under similar acquisition

conditions over standard powder samples[50].

Figure 1.33. (a) Ce 3d and Ni 2p3; (hv=1065 eV) NAP-XPS spectra of the NiGDC electrode

recorded at 700 °C at various H,O exposure periods a) electrode pre-treated in H,, (b) electrode

pre-treated in O,[50].

Figure 1.34. (a) I-V polarization curves for Ni/GDC electrode under H,O feed recorded in
potential step-up and down cycles. The green star represents the cell current measured in H,O
after 8 h of operation. The current density for various applied potentials as a function of: (b)
NiOy valence and c¢) Ni/Ce AR measured by APXPS. The color zones represent the applied
potentials. Prior to the potential application the sample was pretreated in H, and remained at
O.C. in the feed gas for about 30 min. The voltage was applied directly between the working
(N1/GDC) and the counter (Pt) electrodes[1].

Figure 1.35. (a) Ce 3d and (b) Ni 2p3/2 APXPS spectra in two information depths (i.d.) under
H,0 at 500 °C and -1 V bias. The reference spectra recorded on CeO,, CeO; s, NiO and Ni are
shown in the bottom of the graph. ¢) The Ni 2p to Ce 3d APXPS area ratio of the overall (Ni/Ce)
peak and only the metallic Ni and CeO; s components (Ni’/Ce’”) for the two i.d.s. The conditions

where the spectra were recorded are indicated in the graph[1].

Figure 2.1. (a) Top view for the Ni-YSZ/YSZ/Pt cell for NiYSZ cathode electrode, (b)
Schematic diagrams of cell configuration and setup, (c) Bottom view of the Countering&

Reference electrodes Pt.
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Figure 2.2. SEM micrograph for the Pt electrode after firing procedure, (top) prepared with the
fast baking procedure (980°C), these images illustrate high density of fractures. (Bottom)
prepared with the slow baking procedure (800 °C). These images illustrate some fractures and

aggregations much less than the above.

Figure 2.3. The NAP-XPS Pt4f spectra measured on the Pt countering electrode (hv =255 eV) in
a) 0.5 mbar H,0,b) 0.5 mbarO,, c) 0.5 mbar H, and d) 0.5 mbar H»/H,O under +3mA, prepared
with the slow baking procedure (800 °C).

Figure 2.4. Measurement setup configurations used in EIS featuring (a) two electrodes, (b) three

electrodes and (c) four electrodes[51].

Figure 2.5. (top) Left panel: detailed photograph of the Laboratory set-up for the
electrochemical tests of the cells under the gas-phase conditions. Right panel: Laboratory set-up.
(middle) a)The primary setup sample holder connected in the setup, b) sketch for the lamp
showing the focal point, C) Infra-red lamp64635 HLX, Halogen lamps with reflector MR16;
temperature at the focal point, approximately 1300 °C. (bottom) a) The three electrode
configuration connection in primary setup sample holder containing the electrochemical cell, b)
The bottom stainless steel current collector sample holder which is similar to synchrotron setup,

c¢) The top stainless steel current collector sample holder used to fix the cell.

Figure 2.6. XPS laboratory setup and its Schematic drawing for the operation process at

(ICPEES, France).

Figure 2.7. a) The sample holder inside the variable pressure chamber. b) Variable pressure
chamber of the advanced Laboratory set-up for the electrochemical tests of the cells under the
gas-phase conditions. c) The three electrode configuration connection setup sample holder
containing the electrochemical cell. d) Mass flow controllers which control the gas flow into the

reaction cell and quadrupole mass spectrometer (QMS) to monitor the gas phase.

Figure 2.8. a) The principle of high-pressure x-ray photoelectron spectroscopy (HP-XPS). The
sample is placed in a high-pressure chamber that is separated from the x-ray source by an x-ray—
transparent window. Electrons and gas escape through a differentially pumped aperture. b) A

conventional HP-XPS setup. Several differential pumping stages are needed to keep the electron

29



analyzer under vacuum when the pressure in the sample cell is close to 1 Torr or higher. There is
a tradeoff between the pumping efficiency, given by aperture sizes and spacings, and the solid
angle of transmission of electrons through the differential pumping stages. c) The principle of
HP-XPS using a differentially pumped electrostatic lens system. The electrons are focused onto
the apertures using electrostatic lenses in the differential pumping stages, which increases the
efficiency of electron collection and allows for a reduction of the size of the apertures for
improved differential pumping. d) Differentially pumped electrostatic lens system and
hemispherical analyzer (Phoibos 150, Specs GmbH, Berlin) of the HP-XPS instruments at
BESSY, taken from [52].

Figure 2.9. (top) Schematic diagram of the in-situ NAP-XPS set-up under the electrochemical
gas-phase conditions, at the right side the detailed design of the NAP-XPS set-up in
HZB/BESSY II (Berlin, Germany). (bottom) The sample holder in detail in mounted inside the
NAP-XPS chamber.

Figure 2.10. a) Sketch of the sample holder used to fix the SOEC in the NAP-XPS chamber.
Figure 2.11. Incident photon flux vs kinetic energy recorded at ISISS.

Figure 2.12. (top) Example of the peak fitting procedure used for the estimation of ceria and
nickel stoichiometry a) NiGDC cathode electrode, b) NiYSZ cathode electrode for ex-situ XPS
measurements after exposure to polarization under 0.5 mbar H,O electrolysis condition at 630
°C. (bottom) Example of the peak fitting procedure used for the estimation of ceria and nickel
stoichiometry, left) NiGDC cathode electrode, right) N1YSZ cathode electrode for in-situ XPS

measurements under negative polarization in 0.5 mbar H,O electrolysis condition at 630 °C.

Figure 2.13. Left IV Curve: Before normalization, Right IV Curve: After normalization Current
density-overpotential curves measured under steam electrolysis conditions at 630 °C in3 vapour

pressure regimes (0.5, 10 and 23 mbar).

Figure 2.14. Left EIS: Before normalization, Right EIS: After normalization, Nyquist plot by
galvanostat EIS obtained on NiYSZ cathode under 0.5 mbar water vapor and 630 °Cat different
currents at the advanced laboratory setup (ICPEES, France).
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Figure 3.1. a) Time evolution of the Ni-YSZ cathode overpotential (black line) and the on line
mass spectrometer signal of oxygen (pink line) measured at constant current of -100 mA/cm®
while different concentrations of O, were introduced in the H,O/H, feed. The temperature was
kept constant at 640 °C. b) Ni 2p NAP-XPS spectra recorded during characteristic moments of
the conditions appearing in a. Two Ni 2p components were used to fit the spectra corresponding

to metallic Ni (green) and oxidized NiO (pink).

Figure 3.2. a) Time evolution of the Ni-GDC cathode overpotential (black line) and the on line
mass spectrometer signal of oxygen (pink line) measured at constant current of -100 mA/cm?
while different concentrations of O, were introduced in the H,O/H, feed. The temperature was
kept constant at 640 °C. b) Ni 2p NAP-XPS spectra recorded during characteristic moments of
the conditions appearing in a. Two Ni 2p components were used to fit the spectra corresponding

to metallic Ni (green) and oxidized NiO (pink).

Figure 3.3. The NAP-XPS Pt 4f peak measured on the counter electrode of the Ni-YSZ/YSZ/Pt
cell in 0.5 mbar (from bottom to the top) H, at 500 °C, H,O/H; at 640 °C and application of +15
mA between Pt and Ni-YSZ electrodes, O, at 500 °C. The Pt 4f peak is identical in all cases and
corresponds to that of the metallic Pt without any evident peak of PtO. The peak of Al 2p is due
to traces of alumina visible through the pores of the Pt electrode. Alumina remained on the YSZ

electrolyte after the sandblaster cleaning procedure and before application of the platinum paste.

Figure 3.4. Time evolution of the Pt cathode overpotential (black line) and the on line mass
spectrometer signal of oxygen (pink line) measured at constant current of 40 mA/cm® while
different concentrations of O, were introduced in the H,O/H, feed. The temperature was kept

constant at 650 °C.

Figure 3.5. The NAP-XPS Zr 3d peak measured on the Ni-YSZ cathode electrode in 0.5 mbar
H,O/H, at 640 °C (from bottom to the top) at open circuit, application of 100 mA/cm” and
application of 100 mA/cm?” and co-feed of O,.

Figure 3.6. The NAP-XPS Ce 3d spectra measured on the Ni-GDC cathode electrode in 0.5
mbar H,O/H, at 640 °C (from bottom to the top) at open circuit, application of -100 mA/cm? and
application of -100 mA/cm? and co-feed of O,. Two Ce 3d components were used to fit the

spectra corresponding to Ce®" (blue) and Ce*" (red) oxidation states.
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Figure 3.7. Ce Ms-edge NEXAFS spectra measured on the Ni-GDC electrode in 0.5 mbar
H,O/H, at 640 °C and at a current of -100 mA/cm® before and during co-feed of O,. The
mathematical difference between the two curves is shown in blue line, while the reference

spectrum of Ce,O is included for comparison.

Figure 3.8. Reduction of Ni-GDC electrode a) Time evolution of the Ni-GDC/YSZ/Pt cell
overpotential (solid black line), and the evolution of Ce*"/Ce*" components ratio (blue points) as
derived by the analysis of the corresponding NAP-XPS Ce 3d spectra. Measurements were
performed on pre-oxidized Ni-GDC cathodes in 3:1 H,O/H, gas mixture at 640 °C and at
constant current of -100 mA/cm®. The blue color background represents the uncertainty in the
calculation of the Ce’*/Ce’™ ratio mainly related to the deconvolution procedure. b)
Characteristic Ni2p3, and Ce 3d NAP-XPS spectra in H,O/H, before and after current
application. Two Ce 3d components were used to fit the spectra corresponding to Ce*" (blue) and

Ce*" (red) oxidation states of ceria.

Figure 3.9. Ce 3d NAP-XPS spectra measured on the Ni-GDC cathode electrode in H,O/H;
before the current application (O.C.) and after 95 min in electrolysis conditions. The difference

curve as well as the reference spectrum of CeQ; s is included for comparison.

Figure 3.10. Time evolution of the Ni2p/Ce 3d peak area ratio derived by the analysis of the
corresponding NAP-XPS spectra. Measurements were performed on preoxidized Ni-GDC

cathode electrodes in 3:1 H,O/H, gas mixture at 640 °C and at constant current of -100 mA/cm”.

Figure 3.11. Correlation of GDC oxidation state as expressed by the Ce’"/Ce*" ratio and the
corresponding Ni 2p/Ce 3d peak area ratio obtained by the analysis of Ce 3d NAP XPS peak as a
function of the overpotential. The measurements were performed on Ni-GDC cathodes in 3:1
H,O/H; gas mixture at 640 °C and at constant -100 mA/cm’current after cell pre-treatment at the

indicated conditions.

Figure 3.12. Characteristic SEM micrographs of the surface of a) Ni-YSZ and b) Ni-GDC

cathode electrodes recorded after the oxidation tests.

Figure 3.13. a) Comparison of the % overpotential increase of cells with Ni-YSZ and Ni-GDC

cathode electrodes as a function of the relative amount of NiO and the average NiO film
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thickness (derived by the analysis of the corresponding NAP-XPS Ni 2p spectra recorded using
1320 eV photon energy). Measurements were performed at 640 °C and at constant current of -
100 mA/cm® while different concentrations of O, were introduced in the H,O/H, feed.
Impedance spectra presented in Nyquist form, obtained under constant applied current of -100
mA cm at 640 °C in H,0/H,(3/1) and H,O/H,/0,(3/1/1) at total pressure of 0.5 mbar from two
electrochemical cells with b) Ni-YSZ and c) Ni-GDC working electrodes. The equivalent circuits
used for the fitting of impedance data are shown above of each graph. Measured data are given
by symbols, whereas fit results are shown by lines. In both cells Pt counter and reference

electrodes with identical geometry were used.

Figure 3.14. Simplified schematic illustration of steam electrolysis pathways over Ni/YSZ and
Ni/GDC electrode surfaces in a) reduced and b) partially oxidized states. The specific sites that

electrochemical reaction takes place are not shown in this figure.
Figure 4.1. Schematic illustration of the preparation of the Nig;Ce( O, xnanoparticles.
Figure 4.2. Synthesis step of Ce"'-(N,N'-bis(3-methoxysalicylidene)-propylene-1,3-diamine).

Figure 4.3. Synthesis step of Ni'-Ce™ (N,N'-bis(3-methoxysalicylidene)-propylene-1,3-

diamine).

Figure 4.4. (a) XRD patterns b)Raman spectra and c) XPS spectra d) Auger spectrum
0fNiy ;Ce 9O, particles as synthesized (red) and after calcination at 400 °C in O; (black).

Figure 4.5. SEM images of a Niy;Cey 90, layer (a) fresh after drop casting the solution on a
Si0,/Si wafer (b) after calcination at 400 °C on a SiO,/Si wafer and (c) after calcination at 400

°C on a Au polycrystalline foil.

Figure 4.6. High resolution bright field STEM image and the corresponding FFT diffraction

pattern of Nip ;Ce 90, <formed after calcination at 400 °C.
Figure 4.7. Temperature profiles.

Figure 4.8. In situ XRD patterns of Niy;Cep 90,4 NPs (left) and 10%Ni/CeO, (middle) upon
treatment up to 400 °C in O, and H, atmospheres. Whatever the samples, all Bragg peaks are
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singly indexed on to the CeO,-like fluorite cubic sub cell. An enlarged view of the 42-46 degrees

region is also given at the right or the figure.

Figure 4.9. Ni 2p and Ce 3d XPS specta of Nij;Ce 90, NPs (a) and 10%Ni/CeO, (b) upon

treatment up to 400 °C in O, and H, atmospheres.

Figure 4.10. (a) Comparison of the Ni 2ps; spectra between 10% Ni/CeO, and NiCe NPs
samples recorded after calcination at 400 °C (b) deconvolution procedure of two characteristic
Ce 3d XPS spectra using Ce*" and Ce’" line shapes derived from reference samples recorded

under identical reduction conditions (400 °C in H,).
Figure 5.1. Schematics of the Niy ;Cep90,.x modified Ni-YSZ sample preparation.

Figure 5.2. Current density-overpotential curves measured under steam electrolysis conditions at

630 °C in3 vapour pressure regimes (0.5, 10 and 23 mbar).

Figure 5.3. Ce 3d and Ni 2p spectra of the recorded over Ni-YSZ and 570NiCe@NIYSZ

electrodes after reduction in 7 mbar H, at 400 °C.

Figure 5.4. Ce 3d and Ni 2p spectra of the recorded over Ni-YSZ and 570NiCe@NIYSZ

electrodes after reduction in H, at 400 °C.

Figure 5.5. a) Current-overpotential curves measured under steam electrolysis conditions over
Ni-YSZ electrodes and 570NiCe@NiYSZ electrodes during stem electrolysis at 650°C in 0.5
mbar of 100% H»O and 23 mbar 100% H,O. b) Ex-situ Ce 3d and Ni 2p XPS spectra from the

conventional and impregnated electrodes in (a) measured after electrolysis.

Figure 5.6. a) Ce 3d XPS spectra of 21 % NiCe@NiYSZ electrodes measured after steam
electrolysis. The Ni 2p;, contribution has been properly subtracted and the spectra are
deconvoluted using reference peaks measured on pure Ce’” and Ce*" ceria states b) Ni 2ps;, XPS
spectra measured on NiYSZ and NiCe@NiYSZ electrodes. The reference peak measured on

Nip.1Ce.90,.«x NPs is included for comparison.

Figure 5.7. Ni 2ps), spectra recorded on NiCe-modified Ni-YSZ electrode (top) and NiCe NPs
(middle). The product of the mathematical subtraction of the two spectra after proper background

subtraction and intensity normalization (10% of the overal Ni 2p peak area), is shown at the
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bottom curve. From this curve it is clear that about 10% of nickel in the surface of

570NiCe@NiYSZ electrode originates from Ni*" species of the NiCe NPs.

Figure 5.8. SEM micrographs of the Ni-YSZ electrodes before and after addition of Nig ;Cey90,.
x NPs measured after water electrolysis conditions (at 650°°C in 0.5 mbar of 100% H,0)

Figure 5.9. a) Raman spectra of the 570NiCe@NiYSZ and Ni-YSZ electrodes recorded after
electrolysis experiment. b) Cross sectional SEM micrographs of the 570NiCe@NiYSZ electrode

after electrolysis experiment.

Figure 5.10. a) Current-overpotential curves measured under steam electrolysis conditions over
Ni-YSZ conventional electrode and 100NiCe@NiYSZ, 200NiCe@Ni1YSZ, 300NiCe@NiYSZ,
400NiCe@Ni1YSZ and 500NiCe@NiYSZ impregnated electrodes (from bottom to top) during
stem electrolysis at 630°C in 0.5 mbar of 100% H,0. b) Impedance spectra presented in Nyquist
form, obtained under constant applies current density of -95 mA/cm” at 630°C in 0.5 mbar of
100% H,O from Ni-YSZ conventional electrode and 100NiCe@NiYSZ, 200NiCe@NiYSZ,
300NiCe@Ni1YSZ, 400NiCe@NiYSZ and 500NiCe@NiY SZ impregnated electrodes.

Figure 5.11. a) Current-overpotential curves measured under steam electrolysis conditions over
Ni-YSZ conventional electrode, 100Hexane@NiYSZ and 200Hexane@NiYSZ impregnated
electrodes (from bottom to top) during steam electrolysis at 630°C in 0.5 mbar of 100% H,0O. b)
Impedance spectra presented in Nyquist form, obtained at OCP. C) Impedance spectra presented
in Nyquist form, obtained under constant applies current density of -35 mA/cm?, both impedance
for Ni-YSZ conventional electrode, 100Hexane@NiYSZ and 200Hexane@Ni1Y SZ impregnated
electrodes during stem electrolysis at 630°C in 0.5 mbar of 100% H,O.

Figure 5.12. a) Current-overpotential curves measured under steam electrolysis conditions over
Ni-GDC and Ni-YSZ conventional electrodes and 100NiCe@NiYSZ, 200NiCe@NiYSZ,
300NiCe@NiYSZ, 400NiCe@NiYSZ and 500NiCe@NiYSZ impregnated electrodes (from
bottom to top) during steam electrolysis at 630°C in 0.5 mbar of 100% H,O.

Figure 5.13. a) Characteristic Ni 2ps, and Ce 3d XPS spectra after exposing to steam
electrolysis in 0.5 mbar H,O at 630°C for Ni-GDC electrode, b) 500NiCe@NiYSZ and C)
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200Hexane@NiYSZ. Two Ce 3d components were used to fit the spectra corresponding to Ce>"
(red) and Ce*" (grey) oxidation states of ceria and NiO (blue) for Ni 2p.

Figure 5.14. SEM micrographs of the Ni-YSZ electrodes after addition of 500 pL/cm’
Nip.;Cep90,x NPs measured after water electrolysis conditions (at 630°°C in 0.5 mbar of 100%

H,0).

Figure 5.15. Comparison of the % overpotential increase of cells with Ni-YSZ and Ni-GDC
cathode and 20NiCe@Ni-YSZ electrodes as a function of the relative amount of NiO and the
average NiO film thickness (derived by the analysis of the corresponding NAP-XPS Ni 2p
spectra recorded using 1320 eV photon energy). Measurements were performed at 640 °C and at
constant current of -100 mA/cm? while different concentrations of O, were introduced in the
H,O/H, feed. Impedance spectra presented in Nyquist form, obtained under constant applied
current of -100 mA c¢cm™ at 640 °C in H,0/H,(3/1) and H,O/H,/O,(3/1/1) at total pressure of 0.5
mbar from two electrochemical cells with a) Ni-YSZ, b) 20NiCe@Ni-YSZ and c) Ni-GDC

working electrodes.

Figure 5.16. The NAP-XPS Ce 3d Ni 2p spectra measured on the 20NiCe@Ni-YSZ cathode
electrode in 0.5 mbar H,O/H, at 640 °C under -100 mA/cm® and co-feed of O,(from bottom to
the top). b) The evolution of Ce*"/Ce*” components ratio as derived by the analysis of the

corresponding NAP-XPS Ce 3d spectra.
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I.  Chapter 1. Literature Introduction
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. Their high consumption rate threatens their availability
for future generations as mentioned on the 2018 BP Energy Outlook fig. 1.1a. Nevertheless, in
an optimistic scenario it is predicted that in the coming 20 years the consumption of renewable
energy sources will reach about 20% of the global energy consumption as shown in fig. 1.1b.
However, renewable energy sources, 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[1]. Imperial College of London predicates that up to 10 gigawatts of new storage

capacity is needed by 2030 if we targeting to lower-carbon consumption economies.
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Figure 1.1. a) Primary energy consumption by end use sector expected scenario, b) The global

energy consumption prediction from 2018 BP Energy Outlook©BP p.l.c.[28].

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, as shown
in tablel.1[31], [54], [55]. 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
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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[2]—
[5].

Tablel.1. Comparison of properties of synthetic fuels [31].

Relative amount of fuel needed to
match the weight composition of H,

Hydrogen Net

density in fuel Calorific Storage
[ Heat of combustion / Heat of value [kJ/g]

3
combustion of H,) lg/dm’]

Very
Hydrogen
difficult
Methane g 4 Difficult
Methanol 0 b Easy
Ethanol 9 o Easy
Gasoline 3 o Easy

In the 1970s, after the oil crisis also called the first oil shock, there was a transformative step
toward hydrogen production from water electrolysis, using renewable electricity sources coming
from the sun or the wind[6]. Nowadays, two types of electrolysis technologies, the alkaline
(AEL) and Polymer Exchange Membrane electrolyzers (PEM) (see fig. 1.2), both performed at
low temperature are commercially available. However, there are several disadvantages for both
AEL and PEM, and also numerous infrastructure challenges in the areas of production,
distribution, storage and delivery must be solved before hydrogen to play a central role in future

energy systems.
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Figure 1.2: Schematic of the operating principle of the low temperature electrolysis technology

(alkaline and PEM water electrolysis cell), taken from[29].

Despite the fact that AEL electrolysis is the most well established technology with long term
stability, it still has some key problems, related to the low partial load range, limited current
density, and low operating temperature. On the other hand PEM electrolyzers, or as they are
often called solid polymer electrolyzers (SPE), show better efficiency related to their ability to
operate at high current density, high voltage efficiency and high gas purity production. The main
drawback of PEM technology is the high cost due to the use of rare and expensive materials as
electrocatalysts (e.g. Pt and IrO,). In addition other problems are related to the corrosive acidic
environment caused by the proton exchange membranes that force the use of expensive materials
in such operational condition. Both AEL and PEMEL are taking place at low temperature (up to
100 °C) which requires higher electrical energy consumption as compared to high temperature
electrolysis cells[29].

Water electrolysis using high-temperature solid oxide electrolysis cells (SOECs) has been
considered as an efficient route for this process because of the favorable kinetics and
thermodynamics of electrolysis at elevated temperatures[7]—[17], [56]. In addition to high
efficiency, this route also leads to the evolution of pure oxygen, significantly enhancing the
overall economics of the process[19]. The technology, besides offering the highest faradic
efficiency, also offers a possibility of direct electrolyzing of CO,, or co-electrolyzing H,O and
CO,. The product of such co-electrolysis is syngas, which can then be reprocessed to yield

synthetic fuel[20], [21]. For this reason, solid oxide electrolyzers offer the possibility of chemical
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energy storage/carrier when converting renewable energy or excess energy from fossil power
plants to hydrogen or syngas. On the downside, up to now SOECs devices are still not
commercially viable mainly due to the difficulty to find materials that fulfill the high-
performance and durability requirements at high operating temperatures. Due to high

temperature operation, special materials are required to withstand the conditions of the process.

Cathode - + Anode
H2 % e Dz
Cathode — Anode
02- lon conductor
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Figure 1.3. Schematic of the operating principle of the high temperature electrolysis technology
(SOECs), taken from[29].

1.1. Current methods of hydrogen production
In the coming section as shown in fig. 1.4, the global sources for hydrogen production using
renewable and non-renewable sources will be presented and then appraise each production
technology from their state of art, commercialization applicability, environmental impact and

energy efficiency points of view..
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Figure 1.4. Sources and production methods of Hydrogen, taken from[30].

1.1.1. Fossil fuels

Natural gas reforming is the major source for hydrogen production, almost 48% of the global
hydrogen production followed by 30% from heavy oils and 18% from coal gasification, as is
shown in fig. 1.5 [57]. U.S. Department of Energy (DOE) announced that 95% of the hydrogen
produced in the United States is made by natural gas reforming in large central plants. In France,
hydrogen production amounts to about 900,000 tonnes per year, with more than 99% originating
from fossil fuels according to Durville et al. [58]. The steam reforming of methane (SRM, Eq. 1)
is currently the most cost effective and highly mature production process that builds upon the
existing natural gas pipeline delivery infrastructure at relatively low cost and high H,/CO ratios
as desired for hydrogen production. SRM products can further react through the water gas shift
reaction (WGS, Eq. 2) to produce more hydrogen[59]:

CH;+H,0 > CO+3H,  AH%pogec = +206KJ.mol™ (Eq.1)
CO+H,0 & CO,+H,  AHPgc = -41KJ.mol™ (Eq.2)

Methane reacts with steam under 3—25 bar pressure in the presence of a catalyst to produce
hydrogen, carbon monoxide, and a relatively small amount of carbon dioxide. Steam reforming
is endothermic as shown in reaction (1) as heat must be supplied to the process for the reaction to

proceed. In the subsequent WGS reaction carbon monoxide and steam react to produce carbon
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dioxide and more hydrogen at lower temperature. In the final step a hydrogen purification
process called "pressure-swing adsorption" follows, where carbon dioxide and other impurities
are removed from the gas stream. Steam reforming can also be used to produce hydrogen from

other fuels, such as ethanol, propane, or even gasoline[2], [5], [57].

m Heavy oils and
naphtha
® Coal

Natural gas

® Electrolysis

Figure 1.5. Global sources of Hydrogen production, 48% natural gas reforming, 30% from

heavy oils, 18% from coal gasification and 4% electrolysis[31].

The big challenge that faces most of the petroleum industries is how to minimize the CO, and C
formation to achieve the total conversion of methane into syngas by steam and the key solution is
to improve the catalysts used during the reaction. One main family of catalysts for this is based
on precious metals[60], [61]. On the other hand, other studies proposed the use of metal oxide
catalysts and control of their activity by creating defects and/or oxygen vacancies in their

structure or by adding dopants [2].

The most commonly used metal oxide catalyst for the WGS reaction at high temperatures is iron
oxide, due to its very low cost[2]. At high temperature operation iron deactivates fast, and
therefore it is usually promoted with chromium oxides, [62] which prevents sintering of iron
crystals. Fe;04/Cr,0; catalysts lose activity rapidly at first but can last up to 10 years in an
industrial setting without needing replacement. Alternatively, cobalt/molybdenum catalysts can
be used also at such high operating temperatures to remove H,S from sour gas and oil streams in
petroleum refining. Cu supported on alumina catalysts, promoted with ZnO for a longer lifetime,

were also used for low temperature WGS reaction [63].
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Recently WGS reaction catalysts based on precious metals like gold and platinum supported on
rare earth supports, mainly CeO,, have shown very promising results, for the effective
production of hydrogen with low concentrations of CO[63]. The cost of the catalyst is the key
point for the petroleum industries and catalysts based on rare earth supports are very expensive,
especially when supporting a precious metal, which is economically not sustainable for large
scale hydrogen production[2], [63], [64]. There is still a lot of work going on in order to develop
convenient catalysts to produce hydrogen from fossil fuels that give a good compromise
between, stability, performance and cost for sustainable hydrogen production industrial

Pprocesses.

1.1.2. Biomass
Hydrogen production from biomass waste has dual benefits of clean energy generation and waste
management since agricultural and urban wastes can be disposed at the same time. The major
biomass feedstock resources are mainly municipal solid waste, agriculture crops and residues,
forestry crops and residues, animal residues, industrial residues, algae biomass and sewage
sludge. Bio-hydrogen production processes from biomass can be divided into two main
technologies: thermochemical and biological processes fig. 1.6. Biomass gasification and
pyrolysis are the thermochemical processes. Direct biophotolysis, indirect biophotolysis,
biological water—gas shift reaction, photo fermentation and dark-fermentation are the biological
processes. The thermochemical conversion requires large energy input in which biomass
gasification is realized at high temperature (600-1000 °C) but it has the advantage of its
possibility to be applied to various types of biomass[31], [32]. The biological technologies using
microorganisms to generate hydrogen as a result of the metabolic process include different
methods as mentioned before in presence and in absence of light but the most promising method

is dark fermentation[30], [31], [65].
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Figure 1.6. Pathways of biomass based hydrogen production [32].

Biomass pretreatment affects the accuracy of conversion process. The amount and nature of the
degradation products could be the reasons of the inhibitory to downstream biocatalytic process.
Additionally, the substrate type and concentration, inoculums source, fermentation temperature,
PH and hydraulic retention time are also important factors to the fermentative bio-hydrogen
process[30], [31]. The fermentative hydrogen production occurs in several steps. The first
process is disintegration in which the feedstock is firstly disintegrated into soluble matters
including proteins, carbohydrates and lipids[30], [32], [66], [67]. Then Hydrolysis occurs to the
resulting molecules in which they are further hydrolyzed to smaller molecules like amino acids,
monosaccharaides and long chain fatty acids. Finally, acidogenesis and acetogenesis take place,
with resulting products H,, CO, and soluble metabolites byproducts[30], [68]-[70]. Biomass
energy has high potential for future hydrogen production and huge efforts and research are spent
to achieve high conversion efficiency. Globally the awareness of people and politicians is
increasing and much concern and efforts are directed towards the biological hydrogen production

process due to its mild reaction condition, economic feasibility and environmental benefits[30].
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1.1.3. Nuclear Energy
As stated in the International Energy Association (IEA) report (2018), around 11% of the world's

electricity is generated by about 450 nuclear power reactors fig. 1.7a. IAEA Power Reactor
Information Service (PRIS) revealed that in 2017 nuclear plants supplied 2487 TWh of
electricity, which is about 150 TWh higher than in 2012. France has 58 operable nuclear
reactors, with a combined net capacity of 63.1 GWe. In 2017, nuclear energy generated 72% of
the country's electricity. A 2015 energy policy had aimed to reduce the country's share of nuclear
generation to 50% by 2025. In November 2017, the French government postponed this target.
The country's energy minister said that the target was not realistic, and that it would increase the
country's carbon dioxide emissions, endanger security of supply and put jobs at risk. Thirteen

countries in 2017 produced at least one-quarter of their electricity from nuclear energy fig. 1.7b.
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Figure 1.7. a) World Electricity Production by Source 2016, IEA Electricity information (2018),
b) Nuclear Generation by Country 2017, IAEA PRIS database.

Hydrogen production from nuclear energy is done by two methods: electrolysis and high
temperature water splitting. After the universal Paris agreement to combat climate change signed
in December 2015 lots of studies analyzed the correspondence between the deployment of
hydrogen markets by 2050 and the potential hydrogen supply that the French nuclear fleet could
provide from its excess power available[71]-[73] Recently, Camille and Gilles (2017)[74]
proposed a methodology to utilize the nuclear energy for hydrogen production. The model

includes two switches for the power output: the first switch goes directly to the electricity grid
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and the second to hydrogen power plants. The nuclear fleet will transfer the excess power to the
hydrogen plants, and then the produced hydrogen will be stored and delivered to the market.
Apart from nuclear, this study also includes power plants based on renewable energy sources
(eg: wind and solar) which their electrical output switched to the conventional grid. Electrolysis
is the principal process to convert water into hydrogen and oxygen using electricity produced by

nuclear energy.

1.1.4. Electrolysis
The world electricity production dependence on fossil fuels is changing in the last 20 years and it
is expected to be partially replaced by renewable energy resources such as solar and wind in the
future. However, these renewable energy sources are usually intermittent and their electrical
output should be stored or converted to another form of energy, especially during the power peak
loads[1]. Electrolysis is the most convenient option for the conversion of electricity to chemical
energy and in particular H,. The produced hydrogen is then compressed and stored in tanks,
which can be further used for fuel cells to generate electricity (fig. 1.8). Electrolyzers are used to
produce hydrogen at levels ranging from a few cm®/min to several thousand m’>/hour[75]. Water
electrolysis can be carried out at low temperature, where H,O is in its liquid form, using alkaline
or proton exchange membrane electrolysers [34]. Alternatively, it can be also performed at high
temperature (above 500 °C) with steam, by using Solid Oxide Electrolysis Cells (SOECs).
Although low temperature electrolysis is a well-established technology [4], SOEC devices have
strong potential for future mass production of hydrogen and show great dynamics to become

commercially competitive to other available technologies[6],[7],[9].
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Figure 1.8. Hydrogen production by electrolysis and its applications[33].
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The electrolyzer is an electrochemical cell where a potential difference is applied between two
electrodes placed on an electrolyte (fig. 1.9). The conversion of electrical energy to chemical
energy takes place at the electrode-electrolyte interface through charge transfer reactions. Both
hydrogen gas at the negatively biased electrode and oxygen gas at the positively biased electrode

are produced as shown in (eq.3):
H:O0igg) — Hagg) + 72 Oxg) (Eq. 3)

At standard ambient temperature and pressure, the change in Gibb’s free energy AG for the water
splitting reaction is positive and hence the reaction is non-spontaneous; which means electrical
energy must be supplied equivalent to the change in the Gibb’s free energy AG of the reaction
[34], [75]. The energy required for the water electrolysis reaction is determined by the change of
enthalpy AH, the Gibbs free energy AG and TAS (T is the temperature and AS is the entropy

change) as shown in (eq.4).
AH = AG + TAS (Eq. 4)

The minimum required voltage to be applied between the electrodes in order to drive the reaction
can be used to do maximum work of nFE, where F is the Faraday constant and n is the number of
electrons involved in the reaction per 1 mole of hydrogen which is equal to 2. At 25 °C and 1
bar, the AG” for the water-splitting reaction is 237.178 kJ/mol as is expressed by (eq.5). The
reaction is endothermic at this voltage ( 1.23 V) and hence at isothermal conditions heat energy
must be absorbed from the surrounding environment for the increase in entropy associated with

water dissociation as shown in (eq.6)[75].
AG" =nFE’ (Eq. 5)
E°=AG"/nF = 1.229V (Eq. 6)

The situation is different for commercial electrolyzers because the thermal energy TAS required
for electrolysis is provided by electricity. When energy equal to the enthalpy AH = AG + TAS (=
285.83 kJ/mol at 1 bar and 25 °C) is supplied for water splitting, no heat is absorbed or evolved
by the system[75]. The voltage corresponding to this condition, the thermo-neutral voltage Vtn is

expressed in (eq.7).
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Ew = AH/nF = 1.482V (Eq.7)

At Vtn the electrolysis generates enough heat to compensate for TAS. When the cell is operated
above Vtn, the reaction becomes exothermic. However energy losses, associated with reaction
kinetics as well as charge transport through electrical leads and the electrolyte, necessitate
electrolyzer operation in this voltage regime. In the case of practical devices the operating

voltage can be expressed as:
Eop =E° +na + |nc| +n2 (Eq.8)

where 1, is the anodic overpotential, associated with the reaction kinetics (electrode polarization

effects),

Ne is the cathodic overpotential, associated with the reaction kinetics (electrode polarization

effects),
nais the Ohmic overpotential, generated due to the resistive losses in the cell.

The overvoltage represents the voltage in excess of the thermodynamic voltage, required to
overcome the losses in the cell and obtain the desired output in terms of current density or
amount of hydrogen from the cell. Slow reactions kinetics and large ohmic losses result in high
overpotentials. The electrode, both anodic and cathodic, overpotential arises as a result of several
polarization effects. These include low electrocatalytic activity of the electrodes (known as
activation overpotential) leading to slow-charge transfer processes and reactants deficiency at the
electrode active sites due to the poor mass transport through diffusion (diffusion overpotential),
migration or convection electron transfers at anode/electrolyte and cathode/electrolyte interfaces.
Chemical kinetics was applied by Butler and Volmer to electrochemical processes, and the

expression of charge transfer kinetics at such interfaces was then derived.

The so-called Butler Volmer (BV) equation (eq.9) prevails for mono-electronic transfers. This is

a hyperbolic function of the charge transfer overvoltage 1, defined as the algebraic difference.

=

J=Jjo {exp [% n] — exp n]} (Eq.9)

where j is the current density across the interface in A.cm?,
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jo is the apparent exchange current density across the interface in A.cm?,

B is the geometry or symmetry factor, experimentally close to 0.5 is most experiments,
F is the Faraday constant (96,485.33 C.mol™),

R is the constant of ideal gases (8.134 Pa.m’.mol' X™),

T is the thermodynamic temperature in K,

n is the overvoltage in V,

The overpotential interpreted from (eq.9) is shown in (eq.10):

RT
BnF

n= log(jo) - —————log(j) (Eq.10)

(1- ﬁ)F

and it is simplified by the Tafel relation in (eq.11), where the electrode overpotential increases

logarithmically with current density:
n=a+blog(j) (Eq.11)

The constant ‘a’ provides information about the electrocatalytic activity of the electrodes, and ‘b’
the slope of the Tafel plot (n Vs log j) carries information regarding the electrode reaction

mechanisms.

The (BV) equation which was originally derived for mono-electronic transfers without chemical
bond rupture or formation has been generalized to the case of multistep heterogeneous processes,

in which both chemical and electrochemical steps occur:

j=jo{exp | u| - exp | 1] }Eq12)

The transfer coefficients (o~ and o) are physical parameters that characterize multistep
reactions such as the stoichiometry factor of the reaction, the number of steps, the number of
electrons transferred during the rate-determining step (rds), and the number of electron-transfer
steps before the rds. When applied to the hydrogen evolution reaction (HER) and oxygen
evolution reaction (OER) half-cell reactions found in PEM water electrolysis cells, one obtains

the two following equations (eq.13,14):
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aHER «F aHER—F

JHER = (jo)HER {exp | === nHER| — exp |“—"=* nHER|} (Eq.13)

aOER—>F

nOER|} (Eq.14)

JOER = (jo)OER {exp |“—-—

OER] — exp [

The cell voltage ranges differ in (AEL), (PEM) and (SOECs) due to the factors affecting the
energy consumption in each electrolyzer fig. 1.9b. However, increasing the temperature results in

a decrease in AG and cell voltage.
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Figure 1.9. (A) Schematic diagram of a water electrolysis cell. (B) Typical I-V curves (water
electrolysis mode, left, and fuel cell mode, right) obtained for (a) alkaline, (b) PEM, and (c) solid

oxide water electrolysis[34].

Temperature is the key operating parameter that dictates the magnitude of internal dissipation
and reaction efficiency of water dissociation reaction as shown in Fig. 1.10. In particular, it
should be highlighted that the kinetics of the water/oxygen redox increases with operating

temperature. As a result, the system becomes fully reversible at >700 °C.
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Figure 1.10. Energy required for the electrolysis reaction as a function of temperature[34].

One advantage of high-temperature Solid oxide technology which is used to electrolyze water
vapor over near-ambient temperature technologies (Alkaline and proton-exchange membrane
(PEM)) is that, at 1000 °C, approximately one third of the total energy demand is required as
heat. Since the kWh of heat is usually said to be less expensive than the kWh of electricity, it
would be less expensive to split 1 mole of water at 1000 °C than at around room temperature.

Such heat is potentially available in nuclear and solar plants[75]-[78].

As thermodynamically, the electrical energy demand drops from 225 kJ/mol at 100 °C to 185
kJ/mol at 1000 °C. In addition, high temperature electrolysis is advantageous also from the
electrochemical perspective because kinetics for electrode reactions improve and the ohmic
conductivity increases with temperature, leading to the decrease of the cell's internal resistance.
In conclusion, by increasing the operating temperature, a smaller amount of electricity and a

larger portion of corresponding heat are needed for the dissociation reactions.

1.2. Solid oxide water electrolysis
The challenges which face the energy sector to fulfill the consumption increase make the
deployment of renewable energy sources necessary in order to decrease the dependence on non-
renewable energy sources (Fossil fuel). Today, the three main types of electrolysers are; alkaline
(AEL) which is a mature and commercialized technology, proton exchange membrane (PEM)

which is in its early commercial phase, and high temperature steam electrolysis (HTSE) which is
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very convenient for this application since it can also use the waste heat produced from the
nuclear plants in addition to the produced electricity. Current developments in both Solid oxide
electrolysis cells (SOECs) and solid oxide fuel cells (SOFCs) increase their potential in the
energy market and it is expected to be one of the main sources for energy generation sources. In
the coming section, the state of the art about SOECs will be discussed, together with their
operation conditions, their competitive points parallel to their weakness point. In table 1.2 the
key strong and weakness points of each electrolysis technology, and also the challenges which

are facing these technologies are given.

Tablel.2. Typical characteristics of main electrolysis technologies[53].
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1.2.1. Theoretical aspects
Solid oxide electrolysis cells (SOECs) and solid oxide fuel cells (SOFCs) have the same
configuration but reverse operation, as is shown in fig. 1.11. As discussed before, high
temperature electrolysis technology is considered to be the best future challenge for future

energy market. Compared to AEL and PEMEL which are better established but more expensive
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and less efficient, it shows great dynamics to become commercially competitive[6], [12], [17],
[21], [77]. Additionally, SOECs can be used for carbon dioxide electrolysis to carbon monoxide

and oxygen which creates a great interest for syngas production.
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Figure 1.11. SOEC and SOFC operating modes[21].
A SOEC consists of three main components: an electrolyte and two electrodes. The electrolyte is
a ceramic membrane that can conduct ions and is sandwiched between two porous electrodes that
can conduct electrons: the steam/hydrogen electrode (or anode in fuel cell mode) and the
air/oxygen electrode (or cathode in the fuel cell mode). An example is a Ni-YSZ/GDC/LSCF cell
shown in fig. 1.12.

In the former electrode water and/or carbon dioxide molecules react with electrons, which are
supplied through an external power source, to produce hydrogen and/or carbon monoxide and
oxygen anions. In the anode compartment the oxygen ions, which are driven through the
electrolyte, are combined to produce oxygen gas. The latest progress in the SOFC technology
changed the above described cell concept from an electrolyte supported to a fuel electrode
supported cell, comprising a thick mechanically stable cermet layer as actual electrode on which
a very thin YSZ electrolyte is supported. Both the electrode and the electrolyte are about 10 um
thick. The latter configuration allows even lower operating temperatures, due to the substantially

lower ohmic resistance of the electrolyte.
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Figure 1.12. Schematic representation of the cell structure. The global view of cell layers are
illustrated by two polished cross section images obtained with a Scanning Electron Microscope

(SEM) in Back Scattering Electron (BSE) mode[35].

The commonly used materials in SOECs are basically the same like those for SOFCs and they
have to fulfill similar requirements such as: thermal stability at high operating temperature,
chemical and mechanical compatibility, chemical and microstructural stability in the operating
atmosphere and temperature and redox stability[17], [79]. The electrodes must additionally
present some other properties such as high electrocatalytic activity and high electronic
conductivity. They must also present high porosity for the promotion of mass transfer in the gas
phase, while maintaining sufficient electrical percolation and ionic conductivity that may allow
the geometric extension of the electrochemical reaction zone in the entire volume of the

electrode.

High temperature co-electrolysis could be one of the most practical solutions in reducing CO,
emissions. Consequently, this gives SOECs the dual benefit of producing energy source and
mitigation of CO,. High temperature co-electrolysis of H,O and CO; shows very efficient use of
electricity and heat (near 100% electricity-to-syngas efficiency), high reaction rates and direct

production of syngas with proper composition for use in conventional Fischer-Tropsch catalytic
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fuel synthesis reactors[20], [80]. Syngas can be converted into electrical energy by using SOFCs
or into hydrocarbon fuels (e.g. CHy) through the Fischer—Tropsch process[81]. This cycle can be
described as a “gas-to-liquid” (GTL) process in agreement with the conventional process for the
production of syngas from natural gas feedstock. The process may also be referred to as a
renewable-to-liquids (RTL) process, when RES provides the required energy for the electrolysis
step[2]. This process can be considered as an alternative route for the production of hydrogen
and synthesis gas, without consuming fossil fuels or emitting green-house gases, realizing a CO,-

recycled synthetic fuel cycle.

However, the dissociation of H;O and CO; requires larger energy consumption because the
minimum energy demand is the sum of the reactions enthalpy of the corresponding reactions

(eq.15) and (eq.16):
H,O + electrical energy + heat — H, + %2 O,, AHy = 286 kJ/mol — AG = 188 kJ/mol (Eq.15)
CO; + electrical energy + heat — CO + 2 O,, AH¢ = 283 kJ/mol — AG = 189.2 kJ/mol (Eq.16)

From the thermodynamic point of view the higher electrical efficiencies result from the decrease
in the molar Gibbs energy of the reaction (AG), with increasing temperature, while the molar
enthalpy (Total Energy demand, AH) remains essentially unchanged[20] and the heat energy
demand (TAS) increases as shown in fig. 1.13. That is why Solid Oxide electrolysis has gained
particular interest for the electrical energy demand reduction for electrolysis as result from

increasing the operating temperature[17], [79].

From the kinetics point of view the reaction rates of the high temperature electrolysis are faster.
However the ohmic conductivity increases with temperature which causes decreasing in the
cell’s internal resistance and in total to an increased efficiency. In conclusion, by increasing the
operating temperature, a smaller amount of electricity and a larger portion of corresponding heat

are needed for the dissociation reactions.
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Figure 1.13. Operational principle for water electrolysis and CO,/H,O Co-electrolysis
SOEC[36].

Electrolysis is a relatively expensive technology due to high electricity demand which part of it
is consumed as heat for the process to occur. SOEC technology compensates the decrease of this
electrical demand by heat demand. During the electrolysis operation, the increased demand on
heat energy can be covered either from an external source or it can be the Joule heat that is
inevitably produced by the internal electrical resistance of the cell. The potential value, at which
the generated Joule heat in the cell and the heat consumption for the electrolysis reactions are
equal, is defined as the thermoneutral potential Vy, of operation as we discussed before in the
electrolysis section. Indicatively, for an SOEC operating at 900 — 950 °C, the thermoneutral
potential Vy, is around 1.29V and the SOEC can be theoretically operated at thermal equilibrium
with an electrical efficiency of 100%. If the cell operates below the thermoneutral voltage
(endothermic mode), the electric energy is lower than the enthalpy of the reaction and heat must
be supplied to the cell, in order to maintain the operating temperature. In this case the thermal
needs are partly covered by the Joule heating and electrical efficiencies above 100% can be
achieved. Moreover, the thermal needs are complementarily covered by thermal energy from the
environment, particularly from the reaction gases, which leads to a temperature decrease.
Alternatively, by operating above the thermoneutral potential (exothermic mode) the thermal
needs are entirely covered by the Joule heating, which is in excess, and the achieved electrical
efficiencies are below 100%. The excess heat is dismissed as thermal energy to the environment,
particularly to the reaction gases, leading thus to a temperature increase. On the other hand, low

temperature electrolysis is always performed in the exothermic mode and at much higher
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voltages from the thermoneutral value, thus achieving quite lower cell efficiencies and

production rates[17], [79], [82].

1.2.2. Main problems (degradation)
Obtaining high performance and durability are currently the most important factors for SOECs
commercialization. The requirements for commercial electrolysis cells are long term operation
stability for a period of approximately 3 — 5 years, degradation rates below =~1%/1000 h, high
performance (high H, production rates i.e., ~ 40 mgH,/cm*h or ~ -1A/cm?), and sufficient
materials durability[80], [83]-[87]. Electrolysis testing at high current density (1-2 A/cm?), high
temperature (800-950°C), and a high partial pressure of steam (pH,O = latm), showed that the
cells could withstand at least 1300 h of electrolysis testing without significant loss of their
performance [87], [88]. However, impurities in the hydrogen electrode of tested solid oxide
electrolysis cells lead to significant microstructural changes at the hydrogen electrode-electrolyte

interface.

Most of the latest data show that SOECs performance decrease of about 2% after 1000 h of
operation for the H,O electrolysis reaction, whereas for the co-electrolysis processes the situation
is even worse. A degradation test on a Ni/YSZ electrode under operation conditions in high
current density (current density of —1.5 A/em?, 950 °C and at pH,0= 0.9 atm and pH,= 0.1 atm)
was done and then the electrode was analyzed. In this context the high current density test is
interesting even though it can hardly be considered as a long-term electrolysis test. Fig.1.14
shows irreversible microstructural changes of the YSZ-Ni/YSZ interface observed for the cell
used for this test that correspond well to the very large increase in the ohmic resistance, R,

observed during testing.

—2 gm SE image Acc. volt. 12 kV
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Figure 1.14. SEM micrograph of the electrolyte-hydrogen electrode interface from the cell used
for the “high current density”’[37].

A possible degradation mechanism is suggested by A. Hauch[37] for the microstructure at the
YSZ-Ni/YSZ interface after high current density tests, as illustrated in fig. 1.15a. Under the high
steam partial pressure and high temperature conditions the electrode surface is suggested to be
surrounded by a relatively high partial pressure of nickel hydroxide, Ni(OH),. When external
voltage is applied, the steam electrolysis starts and oxygen ions are conducted in the YSZ toward
the oxygen electrode, as is shown in fig. 1.15b. They suggested that Ni particles are
equipotentials, and an electrical resistance in the YSZ particles of the Ni/YSZ electrode is raised
together with an electrical potential gradient outwards in the YSZ, as indicated by 1A, in fig.
1.15b. In addition, Ni reduction occurs, in which the 3PB closest to the electrolyte (marked by
red squares) is more strongly reducing (high current density) than the blue marked 3PB (lower
current density) and nickel hydroxide Ni(II) is most likely reduced to metallic at the strongly

reducing points as in (eq.17).
Ni(OH), () + 4e— — Ni(s) + 20° + Hy( (Eq.17)

They illustrated that such relocation of Ni will consequently lead to a dense Ni-YSZ layer as
observed in the SEM image in fig. 1.14. However, there will be a large potential difference near
the electrode/electrolyte interface during electrolysis testing that is the “driving force” for the
electrochemical reduction of Ni(II) to metallic Ni at this interface. SEM image shows some parts
of reduced nickel and other parts of the cell that may contain Ni(Il) species. Further studies of
SOECs operated at current densities (above —1.5 A/cm?) are necessary to verify the proposed
hypothesis for the observed microstructural changes of the YSZ-Ni/YSZ interface put forward

here.

Short term degradation was originally observed during operation at high current densities (<-1.75
A/cm?) and high steam concentration. On the other hand, the long-term H,O electrolysis studies
on single cells attributed the observed decrease in performance to the increasing polarization
resistance and to the degradation on both electrodes[79]. Generally, one of the biggest reasons
for the increase in overpotential consumption is nickel oxidation, nickel agglomeration and/or re-

oxidation which usually occur during typical operation conditions. Moreover, significant
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degradation has been also observed on the oxygen electrode, mainly caused by its delamination
due to high oxygen partial pressures at the electrolyte/anode interface[79], [89]. Additionally,

after long-term operational conditions, fracture and large cracks can be seen even by naked eye.
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Figure 1.15. Illustration of the possible mechanism for the changes in the microstructure at the
YSZ-Ni/YSZ interface observed for the high current density, a) The YSZ-Ni/YSZ interface at
OCYV prior to degradation at high current density electrolysis testing, 3PB are marked by blue
squares, b) The YSZ-Ni/YSZ interface upon degradation at high current density electrolysis
testing. The electrical potential gradient in the YSZ particles is illustrated by 1A, and the 3PB
marked by red squares will be more reducing points than those 3PB marked by blue squares and
the reduction of nickel hydroxide will take place at the red marked 3PB leading to a dense Ni-
YSZ layer[37].

Stack degradation tends to be faster compared to single cell degradation as a consequence of
contact degradation of the interconnections and accelerated cell degradation due to thermal
stresses and contamination from tubing, interconnects and sealing materials[90]-[92]. Therefore,
it is a common belief that operation at lower temperature could be beneficial, resulting in
minimization of interconnects corrosion and of the interactions between the stack components,

thus providing the ability of using inexpensive metallic interconnects.
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1.2.3. Type of SOEC and operation modes
SOECs or SOFCs are fabricated in several specific types which are manly (i) electrode supported
cells or (ii) electrolyte-supported cells or (iii) Reversible solid oxide fuel cells[21], [89], [93].
Electrode-supported cells have a relatively thin electrolyte (~10 um) with thick electrodes as
support (~ 300 - 500 um). On the other hand, electrolyte-supported cells use a thick electrolyte as
a support with thin electrodes coated on both sides of it. In general, it is believed that the
electrochemical reaction occurs in the part of the electrode which is within roughly 10um from
the electrolyte[40]. SOC can also work in dual mode, (RSOFC) both fuel cell and electrolysis

mode, fulfilling both requirements in a single device[21].

1.2.4. State of the art materials for SOC
Currently the most convenient materials used for SOECs are Ni/YSZ or Ni/GDC as fuel
electrode, YSZ as electrolyte, and LSM as oxygen electrode. However, Ni/YSZ fuel electrode
suffers from different degradation reasons such as agglomeration of Ni particles due to either
thermal or overpotential sintering, redox instability of the cermet when exposed to oxidizing
atmosphere (especially under only steam content), carbon deposition onto nickel under H,O/CO,
co-electrolysis, or poisoning from trace impurities, chromium poisoning from the connectors and
delamination of the electrode. In addition, it was found that Ni/YSZ cathodes are always in need
of adding a small quantity of hydrogen in fuel (steam) in order to assist the instability of cathode
materials during start up when it experiences low hydrogen conditions (high steam content). The
need of hydrogen to produce hydrogen increases SOEC complexity. Both families of materials
which were used herein are expected to attain high redox stability. On the other hand,
perovskites of the type LSCM are redox stable and could be used without the need of hydrogen

in fuel.

(i) Fuel (steam) Electrode for SOECs

The fuel SOEC electrode should fulfill some requirements such as high electronic conductivity,
high thermal and mechanical stability, low cost and facile manufacturing, high electrocatalytic
activity towards electro-oxidation of HO and/or CO,, high ionic conductivity, high porosity that
allows the fuel molecules to easily flow towards the active sites, durability and compatibility
with other SOEC components during cell fabrication and operation electrolysis conditions [6,

28].
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The material that fulfills most of the above properties and is perfectly utilized in several
cell/stack studies is the Ni/YSZ cermets. In response to the degradation issues and the poor
durability of Ni/YSZ fuel electrode under electrolysis applications, either in the form of single
cell measurements or in stacks, novel materials are nominated as candidates. Some of these
materials include cermets that contain nickel in their formulation, while others are related to
perovskite-based materials with or without nickel. However up to now, there are not many
published studies with significant progress regarding the performance, improvement and/or
development of alternative Ni/based or Ni/free SOEC fuel electrodes. Modifications to the
traditional Ni/YSZ cermets are focused in increasing the 3 phase boundaries (TPB) by
introducing new reaction sites. For instance, N1/Y SZ infiltration with perovskite (BaZrp9Ybg 10s.
s) increased the structural stability and poisoning resistance[94]; coating with samaria-doped
ceria (SDC, Smy,Ces0,) resulted in four times lower polarization; substitution of YSZ by
gadolinia doped ceria (GDC) made a more stable cell during CO, electrolysis and reduced ASR
values from 1.3 to 0.9 Q cm? (at 25% CO,, 1000 °C) due to improved ionic- electronic
conductivity and TPB enlargement. Perovskites such as Lag;Sro3VO; (LSV),
Lag sSr92CrpsMngsO3 (LSCM), LagsSro;TiO; (LST), Lag3Sro3CrosFep703 (LSCrF) and
Lag3Cag7Crg3Feo 703 (LCFCr) became scope of research for their low ASR, low polarization

resistance, high chemical stabilities against carbon coking and sulfur poisoning[95].

(Lap.75510.25)0.0sMn0.5Cro sO3; (LSCM)-electrode cells present higher performance with lower
ASR compared to other fuel electrode materials using YSZ as electrolyte at 700 °C and lower
polarization resistance in air and hydrogen; at 900°C: 0.29-0.59 © cm” and at 850 °C: 0.27-0.34
Q cm? [96] .Yang et al. developed solid oxide electrolysis cells with (Lag 75S10.25)0.9sMn0.5Cr 503
cathodes and LSM/YSZ anode[97]. The performance compared to Ni-based electrodes was
improved in low hydrogen conditions. In another study, materials of the type CeyxLag7s.
xS10.25Cr9sMng 503, x=0, 0.1, 0.25 and 0.375, were synthesized and tested as fuel electrodes
under SOFC and SOEC conditions[98]. All materials were stable under neutral and wet
environments, while for the cerium containing materials (CexLag 75.xSr25CrosMng 503, x=0.1,
0.25 and 0.375) exposure to air led to the formation of CeO, and decomposition into a chromo-
manganite phase in dry H; for all compounds. It was found that under dry and wet argon and wet

hydrogen, these materials behave like p-type semiconductors.
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The perovskite-type ABOjs titanate composites doped with Sr are alternative materials for solid
oxide fuel cell electrodes. To increase the low conductivity displayed by Sr™Ti™0;, Sr*'is
partially substituted by a trivalent ion such as La’"(LST)[95].A study on a similar ceramic
composite cathode Lay4Sr4TiOs5 (LST)/CesGdy20,-5 (GDC) loaded with Ni nanoparticles by
impregnation method showed an improve performance for direct steam electrolysis[99]. The
current efficiency with the Ni-loaded cathode electrode was enhanced by 3% and 17% compared
to a bare LSTO/SDC at 2 V load and 800 °C operation temperature in 3% H,0/5% H,/Ar and
3% H,O/Ar, respectively. However, the major concern of this material is instability which is
related to the agglomeration of the nickel particles occurred at these high operating temperatures.
A perovskite titanate in an oxygen-ion conducting electrolyzer was also studied by Qin et
al[100]. The doping of this perovskite with Fe, (Lag St 8)09Ti09Feo.103.5 (LSTFO), which can be
reduced to in-situ grown iron nanocatalyst on substrate, was investigated as a cathode for direct
steam electrolysis. According to the physicochemical analysis results, the exsolution and
dissolution of the iron nanoparticles from the A-site deficient and B-sited doped titanate is a
reversible redox process. LSTFO/SDC led to improved electrochemical performance and current
efficiency for direct steam electrolysis. It was clearly observed that, even without H, reducing
gas over the electrode, LSTFO performed better (175 mA cm™) compared to bare LSTO (110
mA cm™) at 2 V load and 800°C. Another study on a potential cathode steam electrolysis
perovskite material (Lag,Sro5)0.9T19.9Cug103.5 (LSTCO) with A-site deficiency and B-site excess
was designed to anchor copper nanoparticles on the LSTO surface through a reversible
exsolution of copper nanoparticles via a treatment in a high-temperature reducing
atmosphere[101]. The LSTCO/GDC composite material revealed significant improvement in
terms of performance and current efficiency for steam electrolysis. The faradaic efficiency for
steam electrolysis reached a value of about 93 and 96% with and without reducing gas (H»),

respectively.

Xu et al synthesized a composite fuel electrode of Fe-Lag75S1g25CrosMngs03.5/Cep.sSmg 20,5
(Fe-LSCM/SDC) and studied its performance under direct steam electrolysis[102]. The electrode
performance was evaluated under different temperatures and oxygen partial pressures. It was
found that by increasing the Fe loading of LSCM/SDC, the electrode performance was
significantly improved as well as the faradaic efficiency even without H, reducing gas flowing.

The current efficiency of Fe-LSCM/SDC electrode was enhanced by 30 and 40% compared to
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pure LSCM/SDC at 800°C in 3% H,0/5% Hy/Ar and 3% H,O /Ar, respectively, indicating a
synergetic effect of catalytic-active Fe and redox-stable LSCM. In another study on perovskite
composite material LSCM-SDC, Ni particles (10% mol) were loaded by impregnation and tested
under steam electrolysis with and without flowing of H, reducing gas[95]. The current density
enhanced by loading Ni on LSCM/SDC cathodes both in 4.96% H,/Ar/3% H,0 and 97% Ar/3%
H,0, with the enhancement being more considerable at the latter case, compared to LSCM/SDC
electrode. Moreover recently, Pd and CeO, were added to the composite cathode of Sr-doped
LaVO; (LSV) with YSZ and studied under fuel cell, steam electrolysis, co-electrolysis of H,O
and CO; and dry CO, electrolysis conditions[103]. It was concluded that at 800°C, if the fuel
electrode was infiltrated with both Pd and CeO, in co-electrolysis conditions, steam was
electrolyzed into H, and CO, was reduced to CO through the RWGS reaction. In the case of the
electrode infiltrated with only CeO,, CO, was electrolyzed directly into CO and this was
followed by the decomposition of steam to H, through the RWGS.

Electrolyte for SOECs

ZrO; doped with 8 mol% Y,0; (YSZ) is the most commonly reported composition that is used as
a SOEC electrolyte[17], [19], [21], [79], [104]. This material exhibits high ionic conductivity as
well as mechanical, thermal and chemical stability within the operational temperature range of
800 — 1000 °C. Other potential electrolytes are indicatively, Scandia stabilized zirconia (ScSZ),
Ceria based oxides (fluorite structure) either doped with Gd,Os or Sm,O3 and the perovskite
structures La;Sr,Ga;.yMgyO» s (LSGM) fig. 1.16. Apart from YSZ, the rest of the candidates
need to be further studied and developed, so as to prove their adequacy for SOEC electrolytes.
Furthermore, even though YSZ is very well studied during the development of the solid oxide
fuel cells, there are still research issues to be solved in the electrolysis mode and especially under

long term operation.
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Figure 1.16. a) Area specific resistance vs. Temperature for different electrolyte materials:
yttria-stabilized zirconia (8YSZ), yttria-partially-stabilized zirconia (3YSZ),scandia- stabilized
zirconia(ScSZ),scandia-ceria-stabilized zirconia (ScCSZ), samaria-doped ceria (SDC), gadolinia-
doped ceria (GDC), lanthanum strontium gadoliniumman- ganite (LSGM), lanthanum strontium
gadolinium manganite cobaltite (LSGMC), yttria-doped bariumcerate-zirconate (BCZY),
Ce0.43721043Gdo 1Y 004025 (CZGY), b) Selected data on the ionic conductivity of electrolyte

materials [21].

Oxygen/air electrodes for SOEC

The majority of studies are devoted to control the complex electrode morphologies through
processing, or adding a secondary ion-conducting phase or by using a mixed ionic-electronic
conductor (MIEC) to increase the reaction region[21]. However, the most used material is the
lanthanum strontium manganite (LSM), which is the SoA oxygen/air electrode for SOFCs. LSM
has a thermal expansion coefficient close to that of the YSZ electrolyte and this is an important
stabilization parameter, which adds points to the mechanical integrity of the cell[17], [79].
Moreover, it exhibits low chemical interaction with YSZ, which prolongs the components
lifetime. LSM is an excellent electronic conductor (its electronic conductivity is ~200 S cm™ at
800 C), but with a negligible oxygen ionic conductivity (e.g., 10™'® cm? s™ at 700 C)[38]. Thus, in
order to extend or improve the TPB size one approach is to create composites of LSM and
electrolyte materials, or the usage of different mixed ion-electron conducting electrodes such as:
lanthanum strontium ferrite (LSF), lanthanum strontium cobaltite (LSCo), lanthanum strontium

copper ferrite (LSCuF) and lanthanum strontium cobalt ferrite (LSCoF), where the stoichiometry
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of these materials plays a vital role in the electrochemical activity of the air electrode[17], [79],

[105].

1.2.5. Preparation of SOC electrodes by infiltration method
Development of innovative electrode materials with excellent performance and stability is a main
research goal for solid oxide electrolysis cells (SOECs) and solid oxide fuel cells (SOFCs).
Either by modifying the state of-the-art Ni based anodes, or through exploring alternative metal
cermet or perovskite based materials, wet impregnation/infiltration is shown to be one of the
most effective approaches for both cell fabrication and performance optimization fig. 1.17 [38].
The optimization of traditional nickel based anodes by replacement of nickel by other inert metal
or ceramic species, and some metal supported designs with impregnated catalyst are all presented
and discussed, mainly focusing on the cell performance, redox and thermal stability, long-term

reliability, carbon and sulfur tolerance of the anodes[38], [104], [106]—[114].
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Figure 1.17. Scheme of the infiltrated nano-structured electrodes on pre-sintered porous

electrode or electrolyte scaffold/ skeleton[38].

The idea is based on infiltrating the porous electrodes with precursor solutions after the sintering
step and the formation of nanoparticles by simple heat treatment in air. The nanoparticles
increase the triple phase boundary (TPB) length and catalytic activity of the electrode. In order to

increase the mass load of the infiltration several loading steps are performed by micro pipette or
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by sample immersion in vacuum. Data from various authors provide a wide range of mass
loading depending on the infiltrated particles and the electrode composite. Fig. 1.18 shows
schematically a typical synthesis route for the deposition of nano-sized particles into a pre-fired
electrode or electrolyte scaffold or framework via infiltration of metal salt or nanoparticle
suspension solutions. For example, wet infiltration of CeO, and Gd-doped CeO, (GDC) into pre-
fired LSM cathode can be carried out by simply placing a drop of a Ce(NOs;); or mixed
Gd(NO3); and Ce(NO3)3(Gdp2Ces(NO3)x) solution on top of the coating which infiltrates the
cathode layer by capillary force; the infiltration process is further facilitated under vacuum[38].
Then the infiltrated LSM is heated at 500-800 °C to decompose the metal salt solution, forming
CeO; or GDC nanoparticle phase. The phase formation temperature of the catalytic phase (i.e,
CeO; or GDC) is much lower than the processing temperature of the standard LSM (i.e., 1150 °C
in this case). The significantly reduced phase formation temperature avoids the grain growth,

resulting in the deposition of nano-sized GDC particles on the surface of grains of LSM scaffold.

Metal salt nitrate or suspension solution

Electrode/Electrolyte porous  Formation of Nano-structured
Structure pre-sintered Nanoparticles electrode
at 1100-1400°C at 500-800°C

Figure 1.18. Typical process for the infiltration of metal salt nitrate solution or nanoparticle

suspension into pre-sintered electrode or electrolyte porous structure[39].

Cu-based anodes were utilized for the direct oxidation of CH4 in SOFC instead of Ni-based
anodes[115]. Cu melting temperature is 1083 °C, significantly lower than 1453 °C for Ni.
Consequently, Cu-based cermet anodes cannot be produced using the same methods applied for
Ni-based cermet anodes. Gorte. et Vohs developed a method to impregnate Cu(NOs3), solution
into porous YSZ scaffold prepared on a dense YSZ electrolyte layer, followed by calcinations to
decompose the nitrate and form the oxide[116]. As shown in fig. 1.19 both the dense electrolyte

and the porous scaffold can be fabricated by conventional tape casting techniques. Other
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components such as ceria, perovskite oxides and precious metal catalysts can be added via

infiltration processes[39].
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Figure 1.19. Diagram showing the steps used to fabricate an SOFC in which the electrodes are

produced by infiltration of active components into a porous YSZ scaffold[40].

Yuri Choi et al. fabricated a novel cathode by infiltration method with a better wetability assisted
using layer by layer (LbL) assembly process of polyelectrolytes. LbL assembly has been widely
used as a versatile method for fabricating multilayer thin films onto solid surfaces with
controlled structure and composition. Preparation of the electrode with LbL-assisted infiltration
fig. 1.20 leads to a 6.5-fold reduction in the electrode fabrication time while providing uniform
and small formation of Pr(;Sry3Co00s.5 (PSC) particles on the electrode. By this method the
surface area increased by 24.5% which resulted in increasing of the number of active sites of the
prepared electrode and exhibits superior electrochemical performance (up to 36.1%) while
preserving the electrical properties of the electrode. Because of its versatility and tenability, the
LbL-assisted infiltration process may become a new route for fabrication of composite electrodes

for other energy storage and conversion devices.
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Figure 1.20. Schematic representation of (top) conventional infiltration method and (bottom)
layer-by-layer (LbL) assembled polyelectrolyte multilayer-assisted infiltration for a SOFC

electrode.

Inkjet printing is an infiltration method which utilizes less processing steps, without the necessity
for employing vacuum, while at the same time one can achieve deep penetration of the ink into
the thick anode supports with uniforms lateral delivery of the ink with nanolitre precision[107].
Mitchell Williams et al. reported that infiltration of CGO into a composite NiO/CGO symmetric
cell infiltrated using 20 printing cycles of the propionic acid ink demonstrated a lower
polarisation resistance fig. 1.21 than the reference cell without any infiltration. The smaller
polarisation resistance arc for the infiltrated sample indicates that the infiltrated CGO

nanoparticles effectively extend the triple phase boundary (TPB).
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Figure 1.21. Nyquist plots for symmetric anode cells tested at 600 °C. The size of the arc
indicates the magnitude of the polarisation losses. The infiltrated cell showed much lower

polarisation losses than the reference both before and after 50 h aging.

In a conclusion, infiltrated electrodes show high long term durability under high temperature

steam electrolysis compared with the conventional electrodes.

1.3. Operando Spectroscopic studies of SOEC
High temperature water electrolysis is a complex process, hence studying the reaction
mechanism, the reaction kinetics, the redox stability, and the surface electrocataysis requires the
utilization of high surface sensitive spectroscopic techniques such as surface enhanced Raman
studies, FTIR, and X-ray Photoelectron and Near-edge X-ray Absorption Fine Structure

Spectroscopies; which will be discussed in the next section.

1.3.1. Raman studies
The redox properties of both Ni/YSZ (Nickel Yttria Stabilized zirconia) and Ni/GDC or Ni/CGO
(Nickel gadolinium doped ceria) composite cermets are of main importance for the operation of
solid oxide electrochemical cells. Although these systems have been widely studied, a full
comprehension of the reaction dynamics at the interface of these materials is lacking. Raman
spectroscopy is an ideal tool for the in situ study of chemical processes occurring at active
surfaces[41], [94], [117]-[127]. Specifically, in situ Raman spectroscopic monitoring of the
redox cycle was used to investigate water dissociation on Ni/YSZ and Ni/GDC surfaces [41].
NiO reduction is a key issue for both SOEC and SOFC systems, where the reduction and
oxidation (redox) tolerance of Ni-based electrodes is of important practical consideration. Such
processes have been studied in detail for SOFC anodes, the results of which are directly

applicable to SOECs.

Robert et al.[41] studied the redox process in pure GDC and NiO when exposed to wet and dry
hydrogen and then compared them to the cermet behavior in order to understand the redox
mechanism. As shown in fig. 1.22A in dry hydrogen, GDC reduces relatively rapidly via a series
of intermediate phases, while NiO reduces via a single-step process. In wet reducing
atmospheres however Fig. 1.22A, the oxidation state of pure GDC is initially stabilized due to

the dissociation of water by reduced Ce(Ill) and subsequent incorporation of oxygen into the
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structure. In the reduction process involving the composite cermet shown in Fig. 1.22B, the close
proximity of the NiO improves the efficiency and speed of the composite reduction process.
Although NiO is already incorporated into working cells, these observations suggest direct routes

to further improve cell performance.

The reduction process is greatly enhanced due to the presence of NiO/Ni within the NiO-GDC
cermets compared to the pure GDC. In humidified reducing atmospheres, the oxidation state of
the pure GDC surface is strongly stabilized due to the dissociation of water by reduced Ce(III)
followed by the subsequent incorporation of the released oxygen into the GDC. However,
significant reduction of GDC within cermet composites subjected to humidified atmospheres was
observed, although this is followed by the swift GDC re-oxidation due to later water dissociation
and oxygen incorporation. NiO reduction is observed to proceed through a single step process
that is unaffected by the water vapor content or the presence of GDC. This allowed the activation
energy for the surface specific reduction of NiO to be extracted from the time-dependent Raman
data obtained at the different temperatures investigated. This activation energy was found to be
35.9+4.6 kJmol ™', which is consistent with previously reported values. The complexity of the
interactions involved during surface reduction within operational systems as revealed here points

to a number of strategies to optimize fuel cell performance[41].
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Figure 1.22. A) Normalized intensities of the a) NiO and b) CGO Raman peaks monitored as a
function of time from pure NiO and CGO samples exposed to dry and wet 75% N3»:25% H;

flowing at 100 cm’ m™' . The reduction of NiO is unchanged by the presence of water in the
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reduction gas, while the CGO appears to be strongly stabilized B) Normalized intensities of the
CGO peak monitored from pure and NiO-CGO composites under a) dry and b) wet 75% N»:25%
H, flowing at 100 cm® min ™' over long timescales. CGO within the cermet appears to reduce
more rapidly, and without intermediate phases when exposed to dry H,. It is also more strongly
reduced. When exposed to wet H,, the CGO within the composite is reduced relatively quickly
before recovering on longer timescales, tending to the same oxidation state observed for pure

CGO[41].

1.3.2. FTIR
Infrared absorption spectroscopy (IR) is one of the most powerful spectroscopic techniques
available for the characterization of heterogeneous catalytic systems, while several variations of
the technique exist to fit the requirements of different systems as shown in fig. 1.23 [42].
Electrochemical in-situ FTIR spectroscopy (in-situ FTIRS) can provide real-time information
about the chemical nature of adsorbates and the solution species involved in electrochemical
reactions, helping to elucidate the mechanism of complex electrocatalytic processes [120],
[127]-[129]. Co-electrolysis of carbon dioxide requires detailed understanding of the complex
reactions, transport processes and degradation mechanisms occurring during operation in SOEC.
In order to fully understand and characterize co-electrolysis, in situ monitoring of the reactants,
products and SOC is necessary[43]. Infrared absorption spectroscopy is particularly suited for
this application because most molecular vibrational modes fall into the energy range of mid-
infrared light (2.5-50 pm, 4000-200 cm™). However, operando FTIR studies in transmission
mode are difficult and not representative of working conditions due to the requirement of
transparent electrodes for cell polarization. An alternative approach is to use diffuse reflectance
infrared Fourier transform spectroscopy (DRIFTS) as shown in fig. 1.24, another technique
commonly employed in the catalysis community. The experimental configuration has the
advantage of allowing the typical powder-basket arrangement to be replaced by a small solid
oxide cell operated in a scenario very similar to most lab-scale electrochemical tests. DRIFTS is
ideal for in situ monitoring of co-electrolysis as both gaseous and adsorbed CO and CO, species

can be detected, however up to now it is very rarely used for this purpose.
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Figure 1.23. Common setups used for the characterization of catalytic samples using infrared
absorption spectroscopy. Top, left: 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. Top, right: 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. Bottom,
left: 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. Bottom, right: reflection—absorption (RAIRS)
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Figure 1.24. 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 the chamber. (C) SOC operation configuration. (D) Full schematic view of

DRIFTS rig showing mirror assembly and beam path[43].

There are very few FTIR studies to examine SOECs and most focus mainly on SOFCs operation.
Murai et al.[130] used IR emission spectroscopy to study the oxygen electrode material in SOCs,
and simplified the experiment by using symmetric Pt/YSZ/Pt cells to study the oxygen reduction
reaction. It was found that the electrode microstructure and silica contamination caused
significant variation in both electrochemical performance and spectroscopic response. In general,
very few operando IR studies exist to examine the fuel electrode in detail, with very few

exceptions like the work of Kirtley et al[131].

1.3.3. X-ray Photoelectron and Near-edge X-ray Absorption Fine Structure
Spectroscopies

X-ray photoelectron spectroscopy (XPS) is a surface-sensitive quantitative spectroscopic
technique that measures the elemental composition and the chemical state of the outer (1-10) nm
of a solid surface[132]. As shown in fig. 1.25 when the sample surface is irradiated with X-ray
photons of energy hv, these photons interact with the electrons of the sample atoms and
consequently photoelectrons are emitted with specific kinetic energy (KE) Eyi,; which depends
on their binding energy (BE) Ep, and the work function ¢ of the sample (which in the
calculations is replaced by the work function of the analyzer) [132] as shown in (eq.18). X-ray
photoelectron spectra are displayed as plots of the number of photoelectrons (intensity) as a
function of their binding energy or, alternatively, their kinetic energy fig. 1.25. Based on these

spectra both qualitative and quantitative information of the surface can be provided.

Exin = hv — Epin— (Eq.18)
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Figure 1.25. Schematic of the processes occurring during photoemission and absorption
spectroscopies[44]. Survey spectrum for Ni-YSZ cathode electrode after heating under 0.5 mbar

O, to remove carbon.

Near edge X-ray absorption fine structure (NEXAFS) determines the valance state and local-
symmetry of an element and it is not only element specific but also sensitive to its local
coordination environment [45]. NEXAFS should not be confused with the so called extended X-
ray absorption fine structure (EXAFS) method, which is a technique that provides local structural
information of the absorbing element by measuring X-ray absorption in the energy region
corresponding to excitation of core electrons of the element[133]. The NEXAFS spectrum
exhibits strong and distinctive features in the energy region just below and up to about 30 eV
above the absorption edge[134], [135]. When both of these techniques are combined the method
is usually called as X-ray absorption fine structure (XAFS) and can provide a complete picture of
electronic structure of a system. One should note that for EXAFS and XAFS hard X-rays are
used (so mainly the K-edge is studied), while for the NEXAFS spectra shown in this work we
excited the Ni L and Ce M edges by using soft X-rays. The reason of high surface sensitivity of
NEXAFS technique is the relatively low kinetic energies of the electrons and the corresponding
mean free path in the matter, similar to XPS. The surface sensitivity of this method can be
further enhanced by recording electrons with particular kinetic energy, typically Auger electrons.
As an example, the analysis of the O K edge spectra (NEXAFS) in combination with theoretical
calculations of various Co-Ce compounds is given. This analysis can provide information
aboutthe oxygen sites of different binding configuration and environments[136].Fig. 1.26 shows

the absorption spectra at the oxygen (O) K-edge for Co doped CeO, nanoparticles along with the
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reference spectrum of Ce,Os. Three main features marked as a;(4£°), bi(5d-eg, and c(5d-ty,) can
be seen at 530.0, 532.7 and 537.0 eV for pure and Co doped CeO; nanoparticles, and broader and
less intensive features were also observed near 543.0 eV. Consequently, by comparing the O K-
edge spectra of Co doped CeO, with CeO; and Ce;0s , it is observed that the spectral features of
doped samples resemble with those of CeO,, which reflects that most of the Ce ions are in +4

state[45].

O K -edge
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Figure 1.26. O K-edge spectra of Ce;.xCoxO,(0 < X < 0.07) nanoparticles along with reference
spectrum of Ce,03[45].

Current studies in solid oxide fuel/electrolysis cells (SOFC/SOEC) are mainly focused on Ni-
cermets based electrodes and perovskite-type electrode materials such as Lag Sty 4C00;3.5(LSC),
Lag ¢St 4FeO;_5(LSF), and SrTip7Feo30;5 (STF).The chemical environment of surface ions is
different from the bulk and therefore ions of an oxide may exhibit modified chemical surface
states (e.g., different oxidation number or neighboring atoms). Still those that do not necessarily
contribute to the electrochemical surface reaction have to be distinguished from the reacting or
catalyzing species. While the bulk defect chemistry of many mixed conducting oxides is quite
well understood, little is known about the surface chemistry and reaction mechanisms of oxygen
exchange on polarized mixed conducting electrodes[46], [52], [137], [138]. This knowledge may

help to develop more effective strategies for electrode optimization and to establish a firm basis
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of electrode reactions in solid state electrochemistry. In-situ techniques are of high relevance in

addressing these topics[16], [131], [139]-[142]. For a mechanistic interpretation of oxygen
exchange kinetics also the effect of electrochemical polarization and atmosphere on the binding
energy and concentration of surface species needs to be investigated. Since in situ XPS (typically
called Near ambient pressure XPS, NAP-XPS) and NEXAFS are key methods used in this thesis

a mini review of their previous application over SOEC electrodes is given below.
Application of NAP-XPS and NEXAFS in studies of perovskite electrodes

Fleig et al.[46] investigated the response of surface species of (LSC), (LSF), and (STF)
peroveskite-type electrode under different gases atmospheres. XPS spectra measured on LSC,
STF, and LSF under polarization in 0.5 mbar of O, are shown in Fig. 1.27. Except for the Co 2p
peak, all signals show significant energy shifts. The applied bias causes a very subtle change in
the Co 2p satellite features between 785 and 790 eV, which can be used as an indication for the
oxidation state of cobalt. Additionally, there is a very weak effect of polarization on the chemical
states of the Fe 2p peaks, indicating no chemical changes. The different response of LSC
compared to STF and LSF is most probably related to its metal-like electronic structure and the
resulting fundamentally different relation between oxygen nonstoichiometry, Fermi level and

oxygen partial pressure in the two electrodes.
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Figure 1.27. O 1s, Fe 2p, Co 2p, and Sr 3d core level XPS spectra of LSC (black), STF (blue),
and LSF (red) thin films under polarization (indicated voltage)[46].

Under polarization in 0.5 mbar of H,/H,O atmosphere, Fe shows significant chemical changes: at
open-circuit voltage, the satellite structure indicates mixed Fe"/Fe’” valence near the surface.
Anodic bias increases the amount of Fe’ and for both LSF and STF no Fe”” satellite features are
present when n >+ 280 mV (fig. 1.28a,b). On the other hand, cathodic bias increases the amount
of Fe*"and even leads to the formation of Fe’. The formation of metallic iron is accompanied by
a strong decrease of the total iron signal intensity (fig. 1.28a, b), and a distinct increase of the
water splitting activity, as seen by the strongly asymmetric current—voltage characteristics (fig.
1.28e). There the formation and re-oxidation of metallic iron is highly reversible. It occurs at
overpotential of —20mV and the Fe’ peak vanishes at open circuit potential. Also lowering the
chemical potential of oxygen in the atmosphere by increasing the hydrogen content leads to
formation of Fe’ (lowest spectra in fig. 1.28b, d). Despite equal polarization, the electrode current
is smaller which is due to the presence of metallic Fe (open circles in fig. 1.28¢). This can be
interpreted as additional evidence that the strong nonlinearity of the current—voltage

characteristics is indeed related to the presence of Fe” on the surface.
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Figure 1.28. Valence band and Fe 2p XPS spectra of STF (a, c) and LSF (b, d) polarized by
different overpotentials in Hy/H,O atmosphere. Each spectrum is plotted with the same scale.
The applied overpotentials are indicated for each spectrum.(e) DC-characteristics of LSF (red
squares) and STF (blue circles)[46].

Klotzer et al.[47] investigated the surface chemistry and water splitting kinetics of the
perovskite-type mixed conductor LageSry4FeO;.¢(LSF) under electrochemical polarization in
humid H, atmospheres by NAP-XPS. The measured I-V curves showed in fig. 1.29 for LSF
working electrode. Three selected Fe2p spectra, corresponding to three different polarization
states, reveal that a metallic iron species already evolves at relatively low cathodic
overpotentials. Upon formation of this Fe” species, the electrochemical water splitting activity of
the LSF surface strongly increased, leading to a highly asymmetric current—voltage curve, which

does not follow an exponential function (for example, the Butler—Volmer equation) with
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electrochemically meaningful parameters. This indicates a mechanistic change of the reaction
kinetics at the LSF surface. The cathodically formed Fe’ was quickly re-oxidized to mixed
Fe’*/Fe’" valence after removing the polarization (within the time between two simultaneous

XPS/impedance measurements of about 200 to 600 s). Accordingly, the IV curve was highly

reversible.
Very fast Fetiim 5. anodic (+) .
electrode kinetics H, + O S H,O + 2e
with Fe® on LSF . Fe® cathodic (-)
s [,/ mA
Hz Hzo © ‘
v Fe 14

730 720 710 700

binding energy / eV
b ——t+—» 77/ V
-04 -0.2 0.2 0.4 0.6
P Fe’
e Fe*en
a N
< F i
g H P / \
8 o/ |
\
730 720 710 700 % \w
binding energy / eV ¥ Moderate electrode 730 720 710 700

kinetics without Fe® binding energy / eV

Figure 1.29. Current—overpotential curve (Igc vs.) of LSF in a humid reducing atmosphere (0.25
mbar H,+0.25 mbar H,0).The reaction proceeding on the surface of the LSF working electrode
is given on the top right. For selected points of the curve (indicated by arrows), the Fe2p XPS
spectra are shown as insets. The sketches indicate the situation for the LSF surface and the

resulting reactivity, respectively[47].

Zafeiratos et coworkers [137] compared the surface reactivity of the two most commonly used
types of SOC electrodes, (Ni/YSZ) cermet and La 75Sr(25CrgoFeo O3 perovskite at intermediate
temperature and at gas-phase environments relevant for both SOC modes. In situ synchrotron-
based NAP-XPS and NEXAFS experiments, assisted by theoretical spectral simulations and
combined with microscopy and electrochemical measurements, showed that the surface of both

electrode types readjusts fast to the reactive gas atmosphere and their surface composition is
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notably modified. In the case of Ni/YSZ, this is followed by evident changes in the oxidation
state of nickel, while for Lag 75Sr(25Cro9Feo 103, a fine adjustment of the Cr valence and strong
Sr segregation is observed. An important difference between the two electrodes is their capacity
to maintain adsorbed hydroxyl groups on their surface, which is expected to be critical for the

electrocatalytic properties of the materials.
Application of NAP-XPS and NEXAFS in studies of Ni-based cermet electrodes

El Gabaly et al.[48], [143]-[146] studied the local electrical potentials in Ni/YSZ/Pt solid-oxide
electrochemical cell in 150 mTorr H,O + 150 mTorr H; at about 700 °C using operando NAP-
XPS. The overpotentials at the Ni/YSZ interface and YSZ/Pt interface were measured from the
kinetic energy shifts of the Zr XPS peak with cell bias. During the SOEC operation, the Pt, Ni,
and YSZ surfaces underwent no chemical changes, as revealed through the XPS spectra.
Therefore, the peak shifts with cell bias have no contributions from chemical shifts[146]. The
same group also studied the oxidation of Ni electrodes in 300 mTorr of water and 15 mTorr of
hydrogen (20 : 1 ratio) atmosphere at 700 °C, as it is one of the leading cause of degradation by
NAP-XPS [48]. Three different stages of Ni oxidation in the model SOFC were investigated. The
cell was positively biased in order to perform electrochemical oxidation. When Vy;,s<0.4V the Ni
surface remains metallic during hydrogen oxidation, when Vs> 0.4 V, the Ni at the Ni/YSZ
interface undergoes a phase transition to NiO, and finally when Vy;,> 1.0 V, the surface of the
Ni electrode totally oxidizes. The Ni 2ps/, peaks were deconvoluted into components as shown in
fig. 1.30 pointing to an almost completely oxidized Ni electrode. It was concluded that NiOOH is
the only oxide phase coexisting with the metallic Ni phase. More specifically, the electrode is 9 +

2% Ni metal and 91 + 2% NiOOH.
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Figure 1.30. (/eft) Operando Ni 2p3, XPS spectra and fitted synthetic deconvolutions of very
oxidized (A) and partially oxidized (B) Ni electrodes. Of the three peaks of metallic Ni only the
main metallic peak (Ni pkl) could be resolved in (A)[48]. (right) Operando O 1s XPS spectra
acquired from Ni electrode at three different oxidation conditions: no oxidation (black), partially
oxidized (blue), and very oxidized (magenta). [NiOJOH and NiO[OH] represent the oxygen
components present in NiOOH and do not appear in the metallic Ni. (B) Bar chart comparing the
areas of the synthetic peaks shown in (A)[48].

Additional information comes from the O 1s XPS peak during Ni oxidation. Fig. 1.30 shows the
O 1s spectra corresponding to the three different conditions for which Ni 2p spectra were
presented as partially and nearly completely oxidized. The bottom spectrum was taken

concurrent to the Ni metal at zero bias and characterizes the oxygen species, while the peak at
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530.5 eV results from adsorbed hydroxyl groups. The peak at 534 to 535 eV is from the gas-
phase water over the electrode. The surfaces of both semi oxidized and totally oxidized Ni (fig.
1.30) show two additional peaks: the lattice hydroxide component at 531.3 eV (labeled
[NiOJOH) and the lattice O* component at 529.3 ¢V (labeled NiO[OH]). These two peaks
correspond to the two differently bonded oxygen species existing in NiOOH. In contrast, the
peaks at 5293 and 531.3 eV appear and completely disappear reversibly with

oxidation/reduction.

Eichhorn et al.[7], [49], [147] studied the mechanism of electrocatalytic water splitting (H,O +
2¢ — H, + O¥) and electro oxidation of hydrogen (H, + O* — H,0 + 2¢") at 700 °C in 0.5 Torr
of Hy/H,O on a CeO,/YSZ/Pt solid oxide electrochemical cell using NAP-XPS. The
measurements were taken when the cell was negatively biased (hydrogen electro-oxidation on
ceria and water electrolysis at Pt), positively biased and at OCP. The electrochemically active
regions on ceria are defined by large surface potential drop and shift in the equilibrium Ce®"/Ce*
ratios. In the inactive regions of the ceria electrode, the absence of a net current leaves the ceria
redox states and hydroxyl adsorbate concentrations in their equilibrium conditions regardless of
the applied potential. At +1.2 V applied bias, the OH /O~ concentration ratio shows no change
in the active region relative to the equilibrium conditions at OCV. However, the large increase of
surface Ce’" ions in the active region (fig. 1.31) significantly reduces the magnitude of the dipole
moment between the surface OH ™ adsorbate and the electrode. The buildup of Ce®" ions and
associated surface vacancies reduces the Ce—OH bond polarization relative to the Ce**
dominated surface. At —1.2 V applied bias (H,electro-oxidation on ceria), the Ce>*/Ce*" ceria
surface ratios slightly change (fig. 1.37a) and a small but significant increase in the OH
adsorbate concentration in the active region with an accompanying decrease in surface O

concentration is observed.
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Figure 1.31. (A) Spatially resolved cerium redox changes (Ce®* fraction) calculated from fitted
Ce 4d spectra under OCV and +1.2 V applied biases. (B) Spatially resolved binding energy
separations (i.e., surface potential steps) between surface adsorbates (OH ) and solid surface
(0¥ derived from O 1s spectra under OCV and +1.2 V applied biases. (C) Example of Ce 4d
peak fitting. (D) Correlation between Ce®* fraction changes and surface potential step changes
under +1.2 V applied bias versus OCV. The Ce’" positions were corrected for a 50 um
experimental shift associated with wusing different beam energies in different XPS

measurements[49].

Ce*" and OH ™ are both surface intermediates in the ceria catalyzed electro-oxidation of H, and
H,O electrolysis processes. Shifts in their concentrations provide insight into rate-limiting
surface processes. At —1.2 V, the accumulation of OH adsorbates in the active region indicates
that OH consumption is rate-limiting. At +1.2 V, the OH maintains its equilibrium
concentration while the Ce®” concentration increases significantly. The buildup of surface Ce®"
and the lack of changes in OH /O*~ concentration ratio are being a rate limiting process. As a

result, the first step in water electrolysis (H,0 + Ce**— Ce*" + OH + H’) and the last step in
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hydrogen electro-oxidation (Ce*” + OH + H'— H,0 + Ce’") are proposed by the authors as the

rate-limiting steps on the ceria-based SOC electrocatalysts[49].

As NiGDC cathodes improve the performance of SOECs devices as compared to that of Ni-yttria
stabilized zirconia (Ni-YSZ) electrodes, Zafeiratos et coworkers [1], [50], [148] studied the
surface state of nickel/gadolinium-doped ceria (Ni-GDC) under O,, H,, H,O environments, and
under water electrolysis conditions at intermediate temperature. Fig. 1.32a& b-left spectra show
the Ce 3d-Ni 2p NAP-XPS peaks of Ni-GDC at 500 °C and 700° C after about 20 min in 0.2
mbar O,. Reference spectra of CeO, and NiO compounds recorded under identical conditions
were used for comparison. The Ce 3d spectrum of CeO; reference powder (spectrum at the
bottom of fig. 1.31a-left spectra), has three pairs of spin-orbit doublets and the characteristic
intense peak at ~917 eV, in full consistence with previous reports for Ce*". The Ni 2p reference
peak is centered at 855.5 eV and is accompanied by a satellite peak shifted by 6.2 eV at higher
binding energies, indicating NiO formation. The enhanced Ni 2p peak intensity at 500 °C as
compared to 700 °C suggests that lower temperature favors the presence of nickel at the surface.
Due to the higher analysis depth of NEXAFS in TEY mode as compared to NAP-XPS (4 or 5 nm
instead of 1.7 nm), NEXAFS results can be used to conclude if oxidation is also propagated in
deeper layers or if it is restricted at the outer surface. The NEXAFS spectra confirm the NAP-
XPS results and indicate that the oxidation propagates at least in the outer 4 nm. The relative
intensity of NiO NEXAFS peak as compared to that of CeO, is enhanced at 500°C, similar to the
observations in NAP-XPS results. Overall, the spectroscopic results show that NiGDC cermet

surface is readily oxidized in O, without evident differences in the two examined temperatures.

The oxidized Ni-GDC was exposed afterwards to 0.2 mbar H, at the same two temperatures. Ni
2p peak shifts to 852.6 eV while the intensity of the accompanied satellite peak decreases
considerably, demonstrating reduction of NiO to metallic Ni as shown in fig. 1.32a& b-Right
spectra. The Ce 3d region is also markedly modified as compared to the O, environment.
Notably, the intensity of the peak at ~917 eV, characteristic for Ce*”, decreases and new peaks at
~905 eV and 886.4 eV appear due to Ce’" formation. Additionally, at 700 °C ceria is
transformed to Ce’”, while at 500 °C the Ce 3d spectrum contains about 25% unreduced
Ce*".The NAP-XPS results are fully supported by the NEXAFS spectra shown in fig. 1.32b-
(Right spectra). The Ce M-edge at 700 °C is in good agreement with Ce®” while at 500 °C the Ce
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M-edge is a superimposition of the Ce*" and Ce®* spectral features. Finally, the Ni L-edge is the

same at both temperatures and corresponds to metallic nickel.
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Figure 1.32. Left spectra (a) Ce 3d-Ni 2p (hv=1065 eV) NAP-XPS spectra (b) Ni L3 ,-and Ce
M; 4-edges NEXAFS spectra. The measurement conditions were 0.2 mbar O,at 700 °C (top) and
500 °C (middle). The measured Ce 3d&Ni2p spectrum (open symbols) is well fitted (black solid
line) by a linear combination of the reference CeO, and NiO spectra shown at the bottom of the
figure and measured under similar acquisition conditions over standard powder samples. Right
spectra (a) Ce 3d-Ni 2p (hv=1065 eV) NAP-XPS spectra (b) Ni Lss-and Ce Ms4-edges
NEXAFS spectra. The Ni L3, edge is magnified 4 times. The measurement conditions were 0.2
mbar Hyat 700 °C (top) and 500 °C (middle). The measured Ce3d&Ni2p spectrum (open
symbols) is well fitted (black solid line) by a linear combination of the reference CeO, s and
metallic Ni spectra shown at the bottom of the figure and measured under similar acquisition

conditions over standard powder samples[50].

When Ni-GDC is exposed to water vapour, the adjustment of the surface oxidation state to the
gas environment was found to be much slower than under H,, which is kinetically rapid[1], [50],
[137], [148]. In fig. 1.33 the Ce 3d and Ni 2ps, spectra of Ni-GDC pre-treated under H, (fig.
1.33a) or O, (fig. 1.33b) and consequently exposed to 0.2 mbar of H,O vapour at 700 °C are
shown. When pre-reduced Ni-GDC is exposed to steam (fig. 1.33a), an additional Ni 2ps/, peak
appears at the high BE side, due to oxidized nickel. From the shape of the Ni 2p peak it is
evident that after about two hours in steam only a small amount of nickel (ca. 10 %) remains at

the metallic state. After about 2 hours in the steam the Ce 3d spectrum corresponds to the overlap
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of CeO, and CeO; 5 reference spectra suggesting coexistence of these two states. Oxidation of
reduced ceria (CeO;s) surface by water molecules has been proposed to take place via the
interaction of H,O with oxygen vacancies. In the case of the pre-oxidized Ni-GDC (fig. 1.33b),
exposure to steam modifies the Ce 3d spectrum, while the Ni 2ps3,, peak is practically unaffected.
The intensity increase of the Ce 3d peak components at ca. 886 and 904 eV is associated to the
Ce’" state. This means that GDC can be partly reduced by steam under the employed conditions.
This was confirmed by stepwise annealing Ni-GDC in UHV conditions (<1x10” mbar) at
temperatures up to 600 °C. From these experiments it becomes evident that it is possible to
decompose NiO even from 400 °C, while GDC remains fully oxidized up to the maximum

annealing temperature. Therefore it is clear that ceria surface reduction in steam is not a thermal

effect.
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Figure 1.33.(a) Ce 3d and Ni 2p3, (hv=1065 eV) NAP-XPS spectra of the Ni-GDC electrode
recorded at 700 °C at various H,O exposure periods a) electrode pre-treated in H,, (b) electrode

pre-treated in O,[50].

The electrochemical response and NAP-XPS results of the pre-reduced Ni-GDC electrode upon
step polarization in 100% H,O are shown in fig. 1.34 [1]. The current density increases
monotonically with the cell bias as shown in fig. 1.34a but lower currents were measured in the
downward cycle as compared to those at upward cycle, with an overall current density loss of

about 5% (star-point in fig. 1.34a), after about 8 h of repeating the same measurements.
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Operando NAP-XPS results show that the ceria oxidation state is not modified under bias. On the
contrary, NiO undergoes partial reduction starting at -0.8 V, where the current density is
approximately 30 mA/cm?. The partial reduction of NiO is enhanced at -1 V, while upon further
bias to -1.3 V it is fully reduced and subsequently remains to the metallic state even when the
potential is stepped backwards. The reduction of NiO upon bias is not abrupt but progressive, as
indicated by the modifications in the Ni 2p spectrum recorded at different time intervals at -1 V.
Figure 1.40b shows that above -1 V nickel is metallic, while at -1 V and below, nickel is partly
oxidized but the cell seems not to be deactivated. On the other hand, fig. 1.34c shows that the
electrocatalytic performance is influenced by the modifications of the electrode surface
morphology, i.e. nickel coarsening, which are reflected here by the changes in the Ni 2p and Ce
3d peak area ratio (Ni/Ce AR). It was found that the higher the Ni/Ce AR, the higher the cell
current at constant voltage, regardless of the nickel oxidation state (e.g. at -1 V) as in fig. 1.34c.
This explains the systematically lower current observed in the downward potential cycle as
compared to the upward. Reduction of nickel at high potentials provokes lower Ni/Ce ARs and
deteriorates the cathode performance, probably by decreasing the TPB length. As shown in fig.
1.34b, when the cell is operating at high voltages (>-1 V) nickel oxide is transformed to metallic
nickel. In this case, introduction of H, has no effect on the nickel surface oxidation state, but still

affects the oxidation state of ceria[1].
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Figure 1.34. (a) I-V polarization curves for Ni/GDC electrode under H,O feed recorded in
potential step-up and down cycles. The green star represents the cell current measured in H,O
after 8 h of operation. The current density for various applied potentials as a function of: (b)
NiOy valence and c) Ni/Ce AR measured by APXPS. The color zones represent the applied
potentials. Prior to the potential application the sample was pretreated in H, and remained at
O.C. in the feed gas for about 30 min. The voltage was applied directly between the working
(Ni/GDC) and the counter (Pt) electrodes[1].

Ce 3d and Ni 2ps); spectra were recorded using 2 photon energies as shown in fig. 1.35. The
contribution from CeO; s and metallic Ni spectra features are clearly enhanced in the more
surface sensitive measurement mode (i.d.=1.5 nm) indicating that NiO and CeO, are located in
the deeper layers and the surface is dominated by Ni and CeO; s in a core-shell like structure.
Metallic Ni shell over NiO has been reported only for electrochemical reduction of NiO, while
for chemical reduction the inverse scheme with a NiO shell over Ni is typically observed [1].
The chemical reduction usually proceeds via diffusion of Ni cations into the subsurface, always
leaving a NiO shell on the surface. On the other hand, it is suggested that electrochemical
reduction takes place by an outward diffusion of O anions, resulting in the formation of a Ni-
shell with a gradually increased thickness[1]. Fig. 1.35¢ shows the ratio of the overall Ni 2p to
Ce 3d peaks (Ni/Ce) and that of the metallic Ni and CeO; s component in the Ce 3d spectrum
(Ni%Ce’") for two information depths (i.ds.) and for various cell conditions. The Ni/Ce AR
decreases in more reducing gas phase atmospheres, while it is systematically higher at the 1.5 nm
compared to 3 nm analysis depth. Ni/Ce AR is higher in the surface sensitive mode, especially
when nickel is (partially) oxidized, which is a strong evidence of NiO segregation over CeO,.
However, this difference fades away when nickel and ceria are further reduced e.g. in H,.
Furthermore, the Ni%/Ce®* partial ratio remains identical in the two depths independently of the

atmosphere and application of the bias voltage (fig. 1.35¢).
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Figure 1.35. (a) Ce 3d and (b) Ni 2p3/2 APXPS spectra in two information depths (i.d.) under
H,0 at 500 °C and -1 V bias. The reference spectra recorded on CeO,, CeO; s, NiO and Ni are
shown in the bottom of the graph. ¢) The Ni 2p to Ce 3d APXPS area ratio of the overall (Ni/Ce)
peak and only the metallic Ni and CeO s components (Ni’/Ce’”) for the two i.d.s. The conditions

where the spectra were recorded are indicated in the graph[1].

1.4. Structure and Objectives of PhD Thesis
The solid oxide electrolysis cells (SOEC) technology is attractive for storage and regeneration of
renewable energy. A SOEC uses electricity to split, e.g. water in the form of steam, into H, and
O,. In this way, electrical energy is transformed into chemical energy with high efficiency due to
the relatively high temperature operation (700-1000 °C). However, the deterioration of the
electrodes during operation remains a critical issue which hinders the penetration of SOEC
technology in the energy market. Ni-based cermets, especially Ni-YSZ, are composite materials
composed of ceramic (cer) and nickel (met) and are currently the most widely used cathode
electrodes of SOEC. This is mainly due to their low cost and high electrocatalytic activity. The
role of Ni is to provide the electrocatalytic sites and electronic conductivity, while YSZ conducts
oxygen ions into the electrolyte and secures the mechanical stability of the electrode. Since YSZ
exhibits negligible electrocatalytic activity towards water dissociation, the electrochemical
reactions mainly occur in the vicinity where Ni, YSZ and fuel gas are encountered. Therefore,

replacing YSZ with a porous mixed ionic-electronic conductor (MIEC), which can also act as the
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electrocatalyst, has been considered as a method to increase the reaction site density as compared
to Ni-YSZ electrodes. Doped ceria (DC) is probably the most suitable MIEC material for such
cause, since it combines good electronic and ionic conductivities with high electrochemical

activity.

However, durability remains a major issue for reliable operation of SOEC systems. A variety of
processes accountable for permanent performance degradation of SOECs has been identified
based on post-mortem cell analysis. Besides, transient/reversible degradation processes are
typically examined by indirect methods, like impedance spectroscopy. This is because the
application of material characterization techniques during SOEC operational conditions is
challenging. In the first part of my PhD, we provide a study of direct correlation between Ni-
YSZ and Ni-GDC electrodes surface oxidation state and their performance during steam
electrolysis using operando experimental evidences provided by near ambient pressure X-ray
photoelectron and near edge X-ray absorption fine structure spectroscopies. We show that nickel
surface oxidation may induce significant performance degradation over Ni-YSZ cathodes, while
on the contrary has only minor effects on Ni-GDC. Remarkably, we found that in case of Ni-
GDC electrodes, small modification of GDC oxidation state can have important impact on the
electrolysis performance. The results highlight the crucial role of the cathode electrode surface
oxidation state on the SOEC function and have potential implications for the design and

operation strategies of more efficient and durable SOEC devices.

These results gave us the idea of impregnation of Ni-YSZ electrodes with ceria or metal/ceria
solutions which has shown a quite promising enchantment of the electrochemical performance.
One remaining challenge is keeping Ni and DC sites in close proximity by controlling the
deposition process, so as to avoid segregation of the two materials during the high temperature
operation and prevent loss of the electrochemical active area. In the second part of my PhD, we
propose a novel and simple approach to develop SOEC devices by surface modification of
standard Ni-YSZ electrodes using nickel-substituted ceria nanoparticles (Nigp;Cep90,) as
promoters. Near ambient pressure X-ray photoelectron (NAP-XPS) and absorption (XAS)
spectroscopies were applied in situ in order to characterize the (NiCeO, NPs)-Ni/YSZ oxidation
state and composition under cell operation and compare it with this of nickel/yttrium stabilized

zirconium (Ni/YSZ).We found a significant improvement of the steam electrolysis performance
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of Ni-YSZ electrodes after modification even at relatively low temperature and 100% steam.
Maintenance of a significant population of Ce®" and Ni*" sites able to form on Nig.1Ce.90,- but
not to conventional supported Ni/CeO,, are identified as the main cause of the improved
performance. The morphological changes of the electrode are examined by ex-sifu scanning
electron microscopy. We expect that the proposed concept to combine Ni and ceria sites in close
proximity by forming nanoparticles is a key factor to optimize the efficiency and longevity of the

cathode electrodes so as to develop SOEC devices with improved performance.
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II.  Chapter 2. Materials and Experimental Techniques
2.1. Materials used in this thesis

2.1.1. Cell fabrication
Prefabricated electrolyte supported half cells consisting of Ni-based cermet working

electrodes

Conventional electrolyte supported electrochemical cells using Ni-based cermets (N1/YSZ &
Ni/GDC) and impregnated Ni/YSZ electrodes with Ni-substituted Ceria NanoParticles (NiCeOx
NPs) as electrocatalytic promoters are studied in this work. The electrolyte in all the cells
analyzed is 8YSZ which has a high mechanical stability. Synthesis and characterization of
Nickel-doped ceria nanoparticles (Nig 1Ce 9O, xNPs) will be discussed in chapter 4. Part of the
conventional half cells of NiO-YSZ (66:34 wt%) and NiO-GDC (65:35 wt%) working electrodes
were synthesized by our project collaborator at CERTH (Thessaloniki, Greece) with the
electrodes applied over 150 and 300 um thickness YSZ electrolyte, respectively[137], [149]. In
addition commercial cells from Kerafol GmbH, 8YSZ were also used. Both type of cermet
electrodes were prepared via the deposition precipitation method and applied on 1 inch yttria-
stabilized zirconia (YSZ) pellets using the screen printing technique (see fig. 2.1). The electrode
catalysts loading is 8 mg cm™, while the electrode was directly deposited on the YSZ electrolyte

without using a GDC protection layer, which is typical in commercial applications.
Preparation of platinum counter and reference electrodes

Platinum was chosen for as the reference and counter electrode due to its known performance
stability in oxidizing and reducing environments[150]. The Pt counter electrode was painted
using platinum paste (ESL, 542-DG) opposite to Ni-GDC or Ni-YSZ electrodes with similar
symmetrical shape and surface area to them. The Pt reference electrode was on the same side as
the counter electrode separated by a gap of about 3 mm as shown in fig. 2.1. The area ratio
between counter and reference electrodes was approximately 5 to 1. A reference symmetric cell
composed exclusively of Pt electrodes was also fabricated and tested in order to address possible
effects of oxygen addition to the reaction kinetics. Electrochemical experiments were also

performed on commercial prefabricated NiO-YSZ//YSZ and NiO-GDC//Y SZ half cells (Kerafol
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GmbH, both 150 um YSZ) in a laboratory reactor[23] which could operate at conditions similar

to those of the synchrotron experiments. The fabrication of Pt will be discussed further in detail.

WE (Ni-YSZ)
a) b) 9
: . Top view
Cross .
Electrolyte — .‘:::m 5
.
o Bottom view A \]
RE (Pt paste)
CE (Pt paste)

Figure 2.1. (a) Top view for the Ni-YSZ/YSZ/Pt cell for Ni-YSZ cathode electrode, (b)
Schematic diagrams of cell configuration and setup, (c) Bottom view of the Countering&

Reference electrodes Pt.

At the beginning of this PhD work I was encountered with strong delamination problems,
especially of the Pt-electrodes, which resulted to increase in operation cell potentials
consumption. Therefore, at the beginning of the PhD thesis a reliable Pt electrode fabrication
method was established. The preparation of the platinum electrode is performed on several steps:
a) Pretreatment of YSZ substrate prior to Platinum paste application by using an alumina (Al,O3)
pneumatic sandblaster sputtering equipment in order to increase surface roughness. b) Pre-
deposition of Platinum by Cleaning the YSZ surface, first by high pressure air to remove the
residual alumina and then by ethanol to remove the organic contaminations. c)Several layers of
Pt paste (a solution of platinum metal diluted by an organic compound) were deposited at the
surface of the YSZ electrolyte. . Optimization of the thickness of the platinum layer was
performed manually by using a brush (11810 of 1.3 mm * 8.0 mm L). Finally, the thermal
treatment of the Platinum paste was done by two different baking procedures as shown in table.1,
after drying at 80 °C for 30 minutes in both cases in order to remove the organic part of the

paste.
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Table2.1. The thermal treatment Procedures for Pt paste.

The Procedure

Fast procedure Slow procedure

Drying step

125 °C: 12 min 400 °C: 2h with rate: 4.5°/min

Firing temperature
980 °C for 11 min 800°C25 min with rate: 2°/min

50°C / min for the 2 steps 50°C / min for the 2 steps

The topographical differences between the surfaces structure of Pt electrodes are shown in fig.
2.2 after firing at 980 °C and 800 °C. In the case of the fast procedure, platinum aggregates and
fractures in smaller particles. These fractures might be due to the interaction of platinum with the

electrolyte (YSZ) during the baking procedurebut are not due to the changes in the expansion

coefficient, as for platinum the expansion coefficient is 8.8*1/K, very close to that of the

electrolyte (YSZ, 10.5*1/K).
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Figure 2.2. SEM micrograph for the Pt electrode after firing procedure, (top) prepared with the

fast baking procedure (980 °C), these images illustrate high density of fractures. (Bottom)
prepared with the slow baking procedure (800 °C). These images illustrate some fractures and

aggregations much less than the above.

NAP-XPS spectra of the Pt working electrode under H,, polarization in H,O/H; mixture and O,,
were investigated to study the redox stability as shown in fig. 2.3. Pt 4f doublet peaks spectra
were found at 71.4 and 74.7 eV due to metallic Pt (peaks due to platinum oxide are not detected).
In addition, a component at around 76 eV due to Al2p overlapping with the Pt 4f peak exists in
the spectra, that can be attributed to the presence of alumina residuals remaining after the surface
roughening procedure. The peak area of the alumina contamination is not negligible (19.93% in
the first spectrum). Al/Pt ratio at the two different analysis depth (0.651 at 225 eV and 1.05 at
510 eV) show that the percentage of Al at the surface is smaller than that at deeper layers. This
implies that the Al contaminations is mainly located at the surface of the electrolyte (YSZ), and
not at the surface of platinum, therefore it is not expected to influence the conductivity of the

platinum electrode.
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Figure 2.3. The NAP-XPS Pt4f spectra measured on the Pt countering electrode (hv =255 eV) in
a) 0.5 mbar H,0,b) 0.5 mbarO,, ¢) 0.5 mbar H, and d) 0.5 mbar H,/H,O under +3mA, prepared
with the slow baking procedure (800 °C).

2.1.2. Three electrode configuration electrochemical Cell
Electrochemical measurements such as EIS and IV can be made in different configurations,
among which the most common ones are the so called two-, three- and four-electrode
configurations (see fig. 2.3). In the simplest one (fig. 2.4a), the current is applied and the
measurement is done using the same two electrodes, named the working electrode (WE) and the
counter electrode (CE). In this case, of course, Z(jw) includes contributions due to the sample
interface at both electrodes. In order to reduce the influence of such interfaces, a third electrode,
called reference electrode (RE), can be added, as shown in fig. 2.4b. In this case, the test signal is
applied between the WE and the RE, while the current is measured at the CE. Since no current is
drawn at the RE, the measured impedance includes only the contribution of the interface at the

WE. Most of this PhD experimental work has been done in three electrode configuration. A
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further electrode can be added in a four electrode configuration, (shown in fig. 2.4c), as it is
often the case in galvanostatic EIS. The sine-wave test current is applied between (WE) and
(CE), while the voltage is measured between the (added) working sensing electrode (WSE) and
RE. Since no current is drawn at both WSE and RE, the measured impedance is independent of
the electrode—sample interfaces. In practice, the use of a higher number of electrodes makes the
measurements more complex but also more precise; thus, a trade-off is in order with the

optimum solution depending on the constraint of any specific application.
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Figure 2.4. Measurement setup configurations used in EIS featuring (a) two electrodes, (b) three

electrodes and (c) four electrodes[51].

2.2. ICPEES-based experimental setup for electrochemical and ex situ XPS
characterization

The electrochemical performance has been studied firstly at ICPEES, in the surface analysis
laboratory set-up, using a variable pressure reactor simulating the conditions of NAP-XPS
experiments performed at synchrotron facilities. Polarization curves and electrochemical
impedance spectroscopy (EIS) measurements were conducted by using a VersaSTAT 3
(AMETEK Scientific Instruments) potentiostat/galvanostat. The three-electrode configuration
was mainly used, which allowed the measurement of the overpotential of the working electrode
without the influence of the counter electrode. The overpotential was calculated from the DC set

voltages by subtracting the OCP and after IR correction.
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2.2.1. Laboratory setup description

a) Primary laboratory setup
The set-up has been previously constructed by V. Papaefthymiou and W. Doh at ICPEES
(Strasbourg, France) for MEA tests under low humidity ambient conditions. It consists of a
stainless steel cylindrical chamber equipped with a sample holder, oxygen-free liquid water
reservoir, capacitance gauge CMR 392 and control unit RVC 300 (Pfeiffer Vacuum), vacuum
pipeline valve PV25MK (Edwards) and a dual stage rotary vane vacuum pump 5 E2MS5
(Edwards)[151]. The electrochemical cell is placed on the ceramic sample holder and is covered
by three stainless steel plates from both sides. An Au grid is used as the current collector and
placed between the MEA and covering plates from both electrode sides. The plates are connected
through the corresponding wires to the potentiostat. The photos of the set-up and the sample

holder are shown in fig. 2.5.
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Figure 2.5. (top) Left panel: detailed photograph of the Laboratory set-up for the
electrochemical tests of the cells under the gas-phase conditions[151]. Right panel: Laboratory
set-up. (middle) a) The primary setup sample holder connected in the setup, b) sketch for the
lamp showing the focal point, C) Infra-red lamp64635 HLX, Halogen lamps with reflector
MR16; temperature at the focal point, approximately 1300 °C. (bottom) a) The three electrode
configuration connection in primary setup sample holder containing the electrochemical cell, b)
The bottom stainless steel current collector sample holder which is similar to synchrotron setup,

c¢) The top stainless steel current collector sample holder used to fix the cell.

b) Advanced laboratory setup ( Electrochemical test and XPS measurements
separately )

As shown in fig. 2.6, the combined UHV/electrochemical setup used in this PhD work consists
of four chambers: i) the main chamber, which operates under UHV conditions (10” Torr)[132]
and includes a monochromatic Al - Ka X-ray source [hv=1486.6 eV][152] and a dual anode X-
ray gun, ii) the preparation chamber with a base pressure of 10™ Torr, iii) a load lock chamber to
insert the sample holder into the setup and finally iv) the variable pressure chamber for
electrochemical and/or gas treatment experiments, which operates normally between 0.5 mbar

and 23 mbar).
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Figure 2.6. XPS laboratory setup and its Schematic drawing for the operation process at

(ICPEES, France).

The electrochemical cells are mounted between two stainless steel clamps. The first is attached
to the working electrode on the top and is pressing the counter electrode. The second is pressing
the gold wire attached to the reference electrode from the bottom. The stainless steel clamps
were also used as the current collectors and they were connected through two ball pressed screws
with the potentiostat. Heating was performed from the BN-heater from Omnivac. Detailed
photos of the E/C cell mounting and the sample holder are shown in fig. 2.7. The measurements
were performed in a one atmosphere setup. The gas flow into the reaction cell was controlled by
mass flow controllers while the gas phase was monitored by an online quadrupole mass

spectrometer (QMS) as shown in fig. 2.7.
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Figure 2.7. a) The sample holder inside the variable pressure chamber. b) Variable pressure
chamber of the advanced Laboratory set-up for the electrochemical tests of the cells under the
gas-phase conditions. c) The three electrode configuration connection setup sample holder
containing the electrochemical cell. d) Mass flow controllers which control the gas flow into the

reaction cell and quadrupole mass spectrometer (QMS) to monitor the gas phase.

2.2.2. In-situ Near-Ambient Pressure spectroscopy Setup
XPS is generally performed under vacuum conditions mainly to avoid the scattering of electrons
by gas molecules above the sample. However, for thermodynamic and/or kinetic reasons, the
catalyst’s chemical state observed under vacuum reaction conditions is not necessarily the same
as that of a catalyst under realistic operating pressures. Therefore, investigations of catalysts
should ideally be performed under reaction conditions, i.e., in the presence of a gas or gas
mixtures. Using differentially pumped chambers separated by small apertures, XPS can operate
at pressures of up to 1 Torr, and with a differentially pumped lens system, the pressure limit has
been raised to about 10 Torr as shown in fig. 2.8 [52], [153], [154]. The key to increase the
pressure limit in NAP-XPS is to decrease the effective path length of the electrons through the
high pressure region. This can be achieved by moving the sample closer to the aperture.
However, because the pressure drops by several orders of magnitude across the aperture, there is
a minimum distance at which the sample should be kept from the aperture to ensure

homogeneous pressure conditions across the sample surface.
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Figure 2.8. a) The principle of high-pressure x-ray photoelectron spectroscopy (HP-XPS). The
sample is placed in a high-pressure chamber that is separated from the x-ray source by an x-ray—

transparent window. Electrons and gas escape through a differentially pumped aperture. b) A
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conventional HP-XPS setup. Several differential pumping stages are needed to keep the electron
analyzer under vacuum when the pressure in the sample cell is close to 1 Torr or higher. There is
a tradeoff between the pumping efficiency, given by aperture sizes and spacings, and the solid
angle of transmission of electrons through the differential pumping stages. c) The principle of
HP-XPS using a differentially pumped electrostatic lens system. The electrons are focused onto
the apertures using electrostatic lenses in the differential pumping stages, which increases the
efficiency of electron collection and allows for a reduction of the size of the apertures for
improved differential pumping. d) Differentially pumped -electrostatic lens system and
hemispherical analyzer (Phoibos 150, Specs GmbH, Berlin) of the HP-XPS instruments at
BESSY, taken from [52].

In-situ near ambient pressure XPS and NEXAFS measurements were done at the third generation
synchrotron facilities, at HZB/BESSY II (Berlin, Germany). The unique properties of
synchrotron radiation are wide-energy tunability, high brilliance and high photon flux[155],
[156]. The in-situ measurements of Ni based cermets were performed at the ISISS (Innovative
station for in-situ spectroscopy) beam line at the Inorganic Chemistry department of the FHI fig.
2.9. The configuration of the used set-up allowed recording both photoemission and absorption
spectra at the gas-phase pressure up to few mbars. The Phoibos 150 electron analyzer (SPECS) is
equipped with a 2D Delay Line detector from Surface Concept. The gases were introduced into
the NAP-XPS chamber through the leak valves using the mass flow controllers. The composition
of the ambient in the analyzing chamber was constantly monitored by an on-line quadrupole
mass spectrometer (QMS, Prisma, Pfeiffer Vacuum, Inc., Germany). The QMS was used to
continuously record the traces of H,O, H, and O, during the measurements. For NEXAFS
studies, the Auger electron yield was measured with the electron spectrometer. The total electron
yield was collected via a Faraday cup via the first aperture of the differential pumping system
with an applied accelerating voltage. For XPS measurements performed at ISISS beamline, pass
energies of 50 eV were used. The inelastic mean free paths (IMFP) of the emitted electrons were
estimated using QUASES-IMFP-TPP2M software for Ni/Ce 1.5 nm and Ni/Ce 3 nm. The
analysis depth was calculated as three times the IMFP (ID=3X). The depth-dependent
measurements were carried out using photon energies 1065 eV and 1320 eV for Ce3d-Ni2p

spectra (corresponding to 1.5, 3 nm of the analysis depth for Ni’, Ce®").
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Figure 2.9. (top) Schematic diagram of the in-situ NAP-XPS set-up under the electrochemical
gas-phase conditions, at the right side the detailed design of the NAP-XPS set-up in
HZB/BESSY II (Berlin, Germany). (bottom) The sample holder in detail in mounted inside the
NAP-XPS chamber.

For synchrotron based experiments the SOEC cells (schematically shown in fig. 2.10) were
mounted between two stainless steel clamps, the one at the top with a 4 mm diameter slit and the
other at the bottom was separated in two stainless steel plates for the reference and the counter
electrodes respectively. The stainless steel clamps were also used as the current collectors and
they were connected through two ball pressed screws with the potentiostat. Heating was
performed from the rear side using an IR-laser, while the temperature was monitored at the
center of the working electrode by a pyrometer. The measurements were performed in a one
atmosphere setup[157]. The gas flow into the reaction cell was controlled by mass flow
controllers while the gas phase was monitored by an online quadrupole mass spectrometer
(QMS). Electrical potentials were applied between the working and the counter electrodes and

the current flow was measured using a computer controlled VersaSTAT3-200[158]
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potentiostat/galvanostat (Princeton Applied Research).The working electrode was grounded and

the bias voltage was applied on the counter electrode.

Stainkess steal clamps

/ Window for X-ray
- — SORC |
[ " Screws

Figure 2.10. a) Sketch of the sample holder used to fix the SOEC in the NAP-XPS
chamber[151].

2.2.3. Analyzed samples
Preliminary experiments were performed in ICPEES on Ni-based cermets cathode electrode for
SOEC under different gases and under water electrolysis operation conditions. Also, synthesis
and characterization of nickel-doped ceria nanoparticles NipCe90,x were done in ICPEES
before testing their influence on the electrochemical cells in synchrotron facilities. The in-situ
investigation was performed firstly on Ni-based cermets under intermediate electrolysis

condition:

i) NiGDC/Y SZ/Pt electrochemical cell,

ii) NiYSZ/YSZ/Pt electrochemical cell (Chapter 3).

iii) Nickel-doped ceria nanoparticles Nij ;Ceg 9O»x(Chapter 4).
iv) ImpregnatedNiCe@NiY SZ (Chapter5).

2.3. XPS data Analysis
This section demonstrates the procedure used for the fitting of Ni2p-Ce3d XP spectra and the
electrochemical measurements (IV, EIS) normalization. For XPS data, the deconvolution was

done using the CasaXPS software. The relative amount of NiO, Ni, CeO, and CeO;s was
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estimated by deconvolution of the overall Ni 2pand Ce3d spectra to individual components,

using reference peaks of the pure phases.

2.3.1. XPS Spectra Analysis
The surface atomic ratios for the Ni-GDC and Ni-YSZ cathode electrodes and the Nickel-doped
ceria nanoparticles were calculated based on the intensities of the XPS spectra using the
following equation[155]:

Ar@) _ 1(@)/(Cs@).f (@)
Ar(b) — 1(b)/(Cs(b).f (b))

(Eq.19)

Ar(a)

where ar ()

is the atomic ratio of elements (a) and (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 taken,

The intensity of incident photon flux as a function of their energy recorded at BESSY II is shown
in (fig. 2.11).

1.50E+011
2 A 3
w w
o o
E 100840114 5
[7))] 7))
= sl
o S
O O
Y o L
Q. Q.
< 5.00E+010- <,
> >
= =
L L
> >
© ©
< 0.00E+000 <
v T T T T T
0 500 1000 1500

kinetic energy / eV

Figure 2.11. Incident photon flux vs kinetic energy recorded at ISISS.

The fitting procedure for Ni2p and Ce3d is quite complex due to the partial overlapping between
Ni2p and Ce3d XPS spectra. Accordingly, reference peaks of the pure phases for (Ni, NiO,
CeO; s and CeO;) were used to deconvolute the Ni2pCe3d spectra. Fig. 2.12 illustrates fitting in
both Ni-YSZ and Ni-GDC electrodes after and during water electrolysis condition. XPS
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measurements shown at the top of fig. 2.12 were performed ex-situ after the electrochemical

measurements, while those at the bottom in-situ under polarization. The Ni 2p peak can be

deconvoluted into two components; one sharp Ni 2ps,, peak around 853 eV which corresponds to

metallic Ni, and a broader Ni 2ps,, feature at 856 eV associated to oxidized Ni as shown in fig.

2.12 [25], [50], [159]. In the case of Ni-GDC electrode the analysis of the Ce 3d spectrum during

and after current application in 0.5 mbar H,O shows that GDC contains contributions of both

Ce’ and Ce*" cations. The Ce 3d spectrum is characterized by components at ca. 886 and 904

eV is associated to the Ce®” state and the peak at 917 eV, which is associated toCe*" state[1],

[50], [64], [144].
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Figure 2.12. (top) Example of the peak fitting procedure used for the estimation of ceria and
nickel stoichiometry a) NiGDC cathode electrode, b) NiYSZ cathode electrode for ex-situ XPS
measurements after exposure to polarization under 0.5 mbar H,O electrolysis condition at 630
°C. (bottom) Example of the peak fitting procedure used for the estimation of ceria and nickel
stoichiometry, left) NiGDC cathode electrode, right) NiYSZ cathode electrode for in-situ XPS

measurements under negative polarization in 0.5 mbar H,O electrolysis condition at 630 °C.

2.4. Electrochemical testing techniques(EIS, Chronoamperometry, V)
Electrochemical Impedance Spectroscopy (ELS)

Electrochemical impedance spectroscopy (EIS), in which a sinusoidal test voltage or current is
applied to the sample under test to measure its impedance over a suitable frequency range, is a
powerful technique to investigate the electrical properties of a large variety of materials. In
practice, the measured impedance spectra, usually fitted with an equivalent electrical model,
represent an electrical fingerprint of the sample providing an insight into its properties and
behavior. EIS is essentially carried out as follows. In one of its two versions, the so-called
“potentiostat EIS”, a sine-wave voltage (eq.20) is applied to the sample under test and the
induced current as shown in (eq.20) is measured. Then, the complex impedance is calculated as

shown in (eq.22)[51].
V(t) =V +V-sin(wt) (Eq.20)
I(t) =T +1-sin(wt + @) (Eq.21)

viw) _ 7

e f = . o) Arg (z)
o) 7€ |Z] - e (Eq.22)

Z(jw) =
= Re(z) +j - Im(2)

Here, Vand Jare the voltage and the current amplitude, respectively; ¥ and I are the voltage and
the direct current (DC) values; f is the signal frequency; w = 2mf the angular frequency; ¢ the
phase difference between V(t) and I(t); V(jw) and I(jw) the Steinmetz transforms of V(t) and
I(t), respectively. In the other version of EIS, known as “galvanostat EIS”, the sample is
stimulated with a sine-wave current and the voltage drop is measured (of course, the impedance

being still given by (eq.22). In most cases, the investigation by potentiostat EIS or galvanostat
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EIS is equivalent and provides the same results. There are, however, application-specific

conditions making one technique more suitable than the other.

The impedance z(jw) is defined in the case of linear time invariant systems, exhibiting three
conditions: (a) linearity, (b) stability and (c) causality. However, since electrochemical systems
exhibit a typically non-linear behavior, to avoid excessive perturbations to the SUT (Sample
under the test), small values of ¥ (usually in the range 10 to 100 mV) are used to operate in a
pseudo-linear region where z(jw) does not depend on V. The ohmic drop (given by the high
frequency cut off in the impedance spectra measured at identical conditions), The Nyquist plots
were fitted using the ZView2-Software, in order to identify the frequency response of the

different involved phenomena.
Chronoamperometry

The chronoamperometry technique is very useful indication for the changing of the oxidation
state of the electrode materials, and also it is very rabid to notice the degradation phenomena
illustrated in the increasing of the voltage consumption. Most of the PhD In-situ NAP-
XPS/NEXAFS measurements were performed under constant current applied between the
working and counter electrodes. These measurements will be discussed in more detail in

Chapters 3 and 5.
1V curves

Current-voltage curves were obtained under steam electrolysis conditions in various vapour
pressure regimes (0.5, 10 and 23 mbar). Since the measurements were carried out in a three-
electrode set-up, the resulted potential is defining the working electrode potential. Typically
before I V measurements, the cells were treated with (50%H,/50%H;0) mixtures and then
exposed to water vapours.The potential scale was then recalculated with IR correction in order to
obtain the overpotential of the WE, and the current was recalculated with the area of each cell

used.

2.4.1. 1I-V Curves and EIS Normalization for different cells
This section demonstrates the normalization procedure of the electrochemical measurements

(both IV and EIS) used in most of the experiments presented in this PhD thesis. The followed
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procedure is the same for Ni-GDC/YSZ/Pt or Ni-YSZ/YSZ/Pt electrochemical cells. The IV
curves recorded in 3-elecrtode cells and the voltage (Vapp) was applied and measured in respect
to the reference electrode of the cell. The overpotential # at the WE was obtained by subtracting
the ohmic drop in the electrolyte (and the contact resistances and wires) from the applied voltage
Vapp. using equation 23 [160].

n = —(Vapp.— Rohm * IDC)  (Eq.23)

where Rohm represents the ohmic resistance (obtained from the high frequency intercept in
impedance spectra, and IDC is the steady state DC (direct current) current flowing during
polarization experiments. On the other side, the current density I in (mA/cm?®) is normalized by

the surface area of the WE, given by:
IDC
I= WEswtace o (FA2Y)

An example of converting the y-axis of an IV curve from the measured potential V to the

overpotential at the working electrode 7 is given in fig. 2.13.
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Figure 2.13. Left IV Curve: Before normalization, Right IV Curve: After normalization Current
density-overpotential curves measured under steam electrolysis conditions at 630 °C in3 vapour

pressure regimes (0.5, 10 and 23 mbar).

The normalization procedure for the Nyquist plot by galvanostatic EIS measurements was done
by taking into account the surface area of the electrode. The simple formulas 25 and 26 were

used to normalize the plots. A characteristic example is shown in fig. 2.14.
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Zre(Ohm.cm?2) = Zre » WE surface area (Eq.25)

Zim(Ohm.cm2) = |Zim| * WE surface area (Eq.26)
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Figure 2.14. Left EIS: Before normalization, Right EIS: After normalization, Nyquist plot by
galvanostat EIS obtained on Ni-YSZ cathode under 0.5 mbar water vapor and 630 °Cat different
currents at the advanced laboratory setup (ICPEES, France).

2.5. Short technical description of the main Characterization techniques
Pristine and post-mortem electrochemical cells have been characterized in-situ and ex-situ using

the methods included in this chapter.

2.5.1. X-ray Diffraction
The phase composition of the CeO,/ NiO (10 mol%) powder sample and Nig ;Cey9O;.xdrop
casted sample were studied with X-ray powder diffraction (XRD) using a Bruker D8 Advance
diffractometer with a Cu source.The program FullProf[161]was used for Le Bail refinements.

The reference data were taken from the database of the International Centre for Diffraction Data

(ICDD).

2.5.2. X-ray Photoelectron Spectroscopy
Primary experiments of the pristine and post-mortem electrochemical cells have been performed
using XPS under UHV conditions (10" mbar). The apparatus is equipped with a VSW Class WA

hemispherical electron analyzer (150 mm radius) and a monochromatic Al Ka X-ray source
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(1486.6 eV). The analysis of the XP spectra will be discussed for each particular case in the next

chapters.

2.5.3. Scanning Electron Microscopy
Combining scanning electron microscopy technique with the in-situ electrochemical NAPXPS
results is a great tool for the interpretation of the morphological changes occuring to the
electrode during the measurements. The SEM instrument used for my PhD studies is Zeiss
Gemini SEM 500 with a lattice resolution of 1 nm. The measurements were done by Thierry
Dintzer (ICPEES, France).Energy dispersive X-ray spectroscopy (EDXS) mapping was

combined with the SEM images to resolve the different elements on the surface of the electrodes.

2.5.4. Scanning Transmission Electron Microscopy
Metal-substituted Ceria NanoParticles (NiCeOx NPs) were used in this workas electrocatalytic
promoters for improving the working electrode electrochemical performance. The TEM analysis
of Nig;Ce 90, xwas carried out in the scanning mode (STEM) using bright field and annular
dark field detectors on a JEOL 2100F working at 200 kV, equipped with a probe aberration
corrector. The analysis was done at IPCMS (France).The sample powder was dispersed in a
beaker containing ethanol solution and sonicated for 5 minutes inside an ultrasound bath. Then, a
dropper (Pasteur pipette) was used to deposit one drop of the as prepared solution on a
commercial copper grid covered with a holey carbon membrane destined to the TEM

observation.

2.5.5. Raman Spectroscopy
Raman spectroscopy is sensitive to the modification of the local structure of the crystals and
particularly to lattice defects. Raman spectra were acquired using a micro-Raman spectrometer
(Horiba LabRam), with excitation wavelength of 532 nm. A 100xobjective was used to focus the
excitation laser to an approximately Imm spot with a laser power of less than 1 mW, to avoid

heating and damage of the sample.
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III.  Chapter 3. Influence of surface state on the electrochemical performance of nickel-

based cermet electrodes during steam electrolysis

3.1. Introduction
Nickel-based cermet electrodes are the most widely adopted electrodes in solid oxide cell
fabrication. Precisely, Ni, in combination with yttria-stabilized zirconia (YSZ) or gadolinium-
doped ceria (GDC), forming Ni-YSZ or Ni-GDC cermets respectively, are used for SOECs
cathode electrodes. Due to its low cost, high electron conductivity and thermal compatibility
with other cell components, nickel mixed with yttria-stabilized zirconia (YSZ)[11] is the most
commonly used SOEC cathode [86]. The role of Ni is mainly to provide the electrocatalytic sites
and electronic conductivity, while YSZ conducts oxygen ions into the electrolyte and secures the
mechanical stability of the electrode[77]. Since YSZ exhibits negligible electrocatalytic activity
towards water dissociation, the electrochemical reactions mainly occur in the vicinity of Ni, YSZ
and fuel gas (three-phase boundaries, 3PB).[77] Therefore replacement of YSZ with a porous
mixed ionic-electronic conductor (MIEC) material, which can also act as the electrocatalyst, has
been considered as a method to increase the reaction sites of the electrodes. Doped ceria (DC) is
probably the most suitable MIEC material for this purpose, since it combines good electronic and
ionic conductivities with high electrochemical activity.[162] The electrochemical reaction sites
over DC are not limited in the 3PB with nickel but are extended to the entire DC surface. A
major drawback of SOECs devices is the insufficient long term stability of their
performance.[163] Changes of the chemical composition and the oxidation state of the cathode
electrode have been also reported to induce deactivation.[164] Oxidation of nickel to NiO or
Ni(OH),, may occur when the cell is operating under low H, production and high steam
concentration conditions,[165] by air leaks in the fuel circulation system, or even after long term
operation. Extended nickel oxidation or bulk NiO formation, has an evident macroscopic
influence on the cell (e.g. micro cracks, coarsening etc.), due to the large Ni-NiO volume
change.[166] Moreover, under mild oxidative conditions a NiO layer can be formed on top of the
Ni phase affecting the cell performance.[164] This kind of degradation is usually reversible and
the performance is improved upon reduction of nickel, challenging its detection by post-mortem
cell analysis.[1] Much less is known about the chemical state of ceriain Ni-GDC electrodes, but
since oxygen vacancies are considered as the electrochemically reactive sites, a mixed Ce’*/Ce**

oxidation state is usually assumed.[167] The electrochemical methods typically employed for in
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situanalysis of SOECs, for example impedance spectroscopy measurements, cannot provide
analytical evidence about the oxidation state of each electrode components, therefore the
correlation between the SOEC performance and the electrode chemical state remains

clusive[164], [168].

In situ near ambient pressure X-ray photoelectron and near edge absorption fine structure
spectroscopies (NAPXPS and NEXAFS, respectively) were performed at ISISS beamline at
BESSY synchrotron radiation facility at the Helmholtz- Zentrum-Berlin. Two types of
electrolyte supported electrochemical cells, with different working, but identical counter and
reference electrodes, were fabricated for this study. The NiO-YSZ (Fuel Cell Materials, 66:34
wt%, 8-mol.% Y,03-doped ZrO;) and NiO-GDC. Initial annealing of the cells in 0.5 mbar O,
was used prior to spectroscopic measurements to eliminate residual carbon from the surface.
After this procedure the C s signal was within the noise level during all experiments. Unless
otherwise stated, the total pressure during the experiments was kept constant at 0.5 mbar. No
significant electrostatic charging was observed under the employed temperature and pressure
conditions. The average thickness of the NiO overlayer formed over the metallic nickel particles
core was determined by the Ni 2p photoelectron peak intensity using the simplified formula

described in reference [171].

Electrochemical experiments were also performed on commercial prefabricated NiO-YSZ//YSZ
and NiO-GDC//YSZ half cells (Kerafol GmbH, both 150 pm YSZ) in a laboratory reactor[23]
which could operate at conditions similar to those of the synchrotron experiments. The aim was
twofold: first to confirm that the electrochemical response of the cells under the employed
reaction conditions is a general characteristic of the cermet electrodes, and to perform EIS
characterization of the cells without the time restrictions applied in synchrotron-based
experiments. These experiments confirmed the reproducibility of the electrochemical
performance, while the EIS spectra and the scanning electron microscopy (SEM) micrographs
presented in this work were recorded using these cells. The surface morphology was inspected
by SEM using a Zeiss GeminiSEM 500 microscope. Energy-dispersive X-ray spectroscopy
(EDXS) mapping was combined with the SEM images to resolve the different elements on the

surface of the electrodes.
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In this work we provide a direct correlation between Ni-YSZ and Ni-GDC electrodes surface
oxidation states and their performance during steam electrolysis using operando experimental
evidence provided by near ambient pressure X-ray photoelectron and near edge X-ray absorption
fine structure spectroscopy. We show that nickel surface oxidation may induce significant
performance degradation in Ni-YSZ cathodes, while on the contrary it has minor effects in Ni-
GDC. Remarkably, we found that in case of Ni-GDC electrodes, small modification of GDC
oxidation state can have an important impact on the electrolysis performance. The results
highlight the crucial role of the cathode electrode surface oxidation state on the SOEC
functionality and have potential implications for the design and operation strategies of more

efficient and durable SOEC devices.

This chapter is based on the published article: Basma Mewafy, Fotios Paloukis, Kalliopi M.
Papazisi, Stella P. Balomenou, Wen Luo, Detre Teschner, Olivier Joubert, Annie Le Gal La
Salle, Dimitris K. Niakolas and Spyridon Zafeiratos. Influence of surface state on the
electrochemical performance of nickel-based cermet electrodes during steam electrolysis. ACS

Applied Energy Materials 2019, doi: 10.1921/acsaem.9b00779.
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3.2. Description of the in situ electrochemical experiments with O; introduction in the
H,O/H, feed

The degradation tests in the presence of O, were performed following a similar experimental
routine for both cell types. The electrodes were initially reduced in H; at 640 °C and then the gas
feed switched to 75% H,0/25% H, and a constant current between the cathode and the anode at
640 °C (electrolysis conditions) was applied. Gradually and without changing the operation
conditions otherwise, different amounts of O, (from 3% up to 17%) were introduced in the
H,O/H, mixture keeping the overall pressure constant at 0.5 mbar. The degradation of the cell
was evaluated by measuring the potential change between working and reference electrodes.
This potential is corrected for the ohmic drop (given by the high frequency cut off in the
impedance spectra measured at identical conditions) and is presented as the overpotential. The
Electrochemical Impedance Spectra (EIS) were measured in galvanostatic conditions (20 mA)
with frequency range from 10 mHZ to to 100 KHz (for Ni-GDC electrode) or 500 KHz (for Ni-
YSZ electrode) and a signal amplitude of 2 mA. The Nyquist plots were fitted using the ZView2-
Software, in order to identify the frequency response of the different involved phenomena. To
compare the cells with Ni-YSZ and Ni-GDC electrodes the % increase of the potential as
compared to its initial values (before O, introduction) was calculated. Please note that prior to
the introduction of O, the sample was left to the same conditions for about 1 h in order to

stabilize the potential.

3.3. The effect of nickel oxidation on the cell performance
The reduction kinetics of nickel oxide (NiO) in H, are extremely fast, especially at high
temperature, therefore NiO reduces to metal within few seconds in the H,O/H, mixture.[1], [41],
[169], [172] In order to investigate the effect of nickel oxidation during steam electrolysis, O,
was co-introduced with H,O/H, at constant current operation conditions. Nickel oxidation is
expected to be homogeneous into the whole cermet volume, since at intermediate temperatures
(<700 °C) the oxidation process is not limited by the O, gas diffusion[173]. Accordingly, the
NAP-XPS spectra recorded on the surface of the cathode are also representative for the chemical
state at the interface with YSZ electrolyte. Below we describe the experiments performed at two

cells utilizing Ni-YSZ and Ni-GDC electrodes, respectively.
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3.3.1. Ni-YSZ cathode: Surface composition and electrochemical behavior
Fig. 3.1a shows the evolution of the Ni-YSZ/YSZ/Pt cell overpotential and the QMS signal of
m/e 32 (oxygen) as a function of time. A constant current of -100 mA/cm? was applied at the Ni-
YSZ cathode while the 3/1 H,O/H, mixture composition and the overall pressure were
maintained throughout the experiment. Initially under H,O/H, flow the overpotential is stabilized
at ca. 0.9 V after a short transition period of about 15 min. The introduction of O, in the H,O/H,
feed induces significant cell deactivation as indicated by the gradual increase of the
overpotential. A clear trend between the increase of O, partial pressure and the overpotential can
be established, while the process is reversible and the potential recovers when O, is switched
back to lower pressure (around 210 min in Fig. 3.1a). Characteristic Ni 2p NAP-XPS spectra
collected at various stages of the experiment are shown in figure 1b. Based on earlier
photoemission studies the Ni 2p peak can be deconvoluted into two components; one sharp Ni
2pss peak around 853 eV which corresponds to metallic Ni, and a broader Ni 2p;/, feature at 856
eV associated to oxidized Ni[50], [159], [174]. The spectrum recorded in H,O/H,, is exclusively
due to metallic Ni, while upon co-feeding of O, the characteristic peak of oxidized Ni appears.
The contribution of the NiO-related component to the overall Ni 2p spectrum increases with the
O, partial pressure. Please note that the Ni 2ps;, peak at 853 eV does not exhibit the distinctive
shoulder at about 854.5 eV typically observed for stoichiometric NiO[175]. This fact suggests
that the structural and electronic properties of oxidized Ni differ from those of bulk NiO

material. However, for simplicity we will refer to the oxidized Ni as NiO.
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Figure 3.1. a) Time evolution of the Ni-YSZ cathode overpotential (black line) and the on line
mass spectrometer signal of oxygen (pink line) measured at constant current of -100 mA/cm®
while different concentrations of O, were introduced in the H,O/H, feed. The temperature was
kept constant at 640 °C. b) Ni 2p NAP-XPS spectra recorded during characteristic moments of
the conditions appearing in a. Two Ni 2p components were used to fit the spectra corresponding

to metallic Ni (green) and oxidized NiO (pink).

3.3.2. Ni-GDC cathode: Surface composition and electrochemical behavior
The influence of nickel oxidation on the Ni-GDC cathode performance was examined on a Ni-
GDC/YSZ/Pt cell following a procedure similar to Ni-YSZ. The overpotential and m/e 32 QMS
signal recorded at -100 mA/cm® and at various O, concentrations in the H,O/H, mixture are
shown in fig. 3.2a. Surprisingly, while the increase of the O, partial pressure in the H,O/H, feed
is manifested by the online QMS signal, the overpotential change is minor in comparison to the
Ni-YSZ electrode. As shown by the real time NAP-XPS spectra in fig. 3.2b, the evolution of

NiO component in the Ni 2p peak follows the O, partial pressure confirming that nickel is

121



gradually oxidized by gas phase O,, similar to Ni-YSZ. Thus, surface NiO formation has a much
inferior effect on the Ni-GDC cell overpotential as compared to Ni-YSZ cell.

Comparison of the Ni 2p spectra of the two electrodes fig. 3.1b and 3.2b shows that nickel
oxidation starts at lower % O, for Ni-YSZ as compared to Ni-GDC. This divergence might be
attributed to differences in the microstructure and/or the ability of nickel to chemisorb and
dissociate oxygen species from the gas phase, which are known factors affecting nickel
oxidation[176]-[178]. One can argue that the preparation and the pre-treatment of the two
electrodes affect differently the nickel microstructure and surface sites and in turn, influence the
oxidationkinetics. However, the observed differences are restricted at the initial oxidation stages,

while at higher % O, nickel oxidation is similar for both electrodes.
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Figure 3.2. a) Time evolution of the Ni-GDC cathode overpotential (black line) and the on line
mass spectrometer signal of oxygen (pink line) measured at constant current of -100 mA/cm®
while different concentrations of O, were introduced in the H,O/H, feed. The temperature was

kept constant at 640 °C. b) Ni 2p NAP-XPS spectra recorded during characteristic moments of
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the conditions appearing in a. Two Ni 2p components were used to fit the spectra corresponding

to metallic Ni (green) and oxidized NiO (pink).

3.4. Stability of Pt electrodes: Surface composition and electrochemical behavior
In order to ensure the chemical stability of Pt electrodes in the presence of O,, the Pt 4f spectra
of the counter electrode under similar conditions were measured by NAP-XPS in a separate
experiment as shown in fig. 3.3. These experiments show that Pt is metallic under all tested

conditions and its oxidation state is not affected by the applied current or by gas phase O,.
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Figure 3.3.The NAP-XPS Pt 4f peak measured on the counter electrode of the Ni-YSZ/YSZ/Pt
cell in 0.5 mbar (from bottom to the top) H, at 500 °C, HO/H, at 640 °C and application of +15
mA between Pt and Ni-YSZ electrodes, O, at 500 °C. The Pt 4f peak is identical in all cases and
corresponds to that of the metallic Pt without any evident peak of PtO4. The peak of Al 2p is due
to traces of alumina visible through the pores of the Pt electrode. Alumina remained on the YSZ

electrolyte after the sandblaster cleaning procedure and before application of the platinum paste.

123



Apart from the chemical stability of Pt we also tested the influence of O, addition on the
electrochemical reaction kinetics, considering that O, is the product of oxygen ion oxidation at
the anode and by introducing it in the feed we change the reaction equilibrium. For this purpose
we prepared symmetric electrochemical cells where Ni-YSZ was replaced by a Pt electrode.
Since, as shown in fig. 3.3, the Pt oxidation state is not influenced by the introduction of O, in
the feed, this experiment can indicate a possible influence of the reaction kinetics on the
overpotential on chemically stable electrodes. In fig. 3.4 we show that the addition of O; in the
H,O/H; feed does not have an evident effect on the measured overpotential when a symmetric Pt
cell is used, and accordingly its effect on the electrochemical reaction kinetics should be
neglected. Therefore, since O, addition has no measurable effects on the chemical state of Pt
counter/reference electrodes and the reaction kinetics, the overpotential increase observed upon

introduction of O, should be correlated to the distinct modifications observed on the cathode

chemical state.
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Figure 3.4. Time evolution of the Pt cathode overpotential (black line) and the on line mass
spectrometer signal of oxygen (pink line) measured at constant current of 40 mA/cm® while
different concentrations of O, were introduced in the H,O/H, feed. The temperature was kept

constant at 650 °C.
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3.5. The effect of the oxidation state of the ceramic part on the cell performance

3.5.1. Zr 3d for Ni-YSZ ceramic part
Having shown that the surface oxidation state of nickel has divergent impact on Ni-YSZ and Ni-
GDC electrodes, we explore now the effect of the chemical state of the ceramic part. In case of
Ni-YSZ, the Zr 3d core level peak (fig. 3.5) is characteristic of doped YSZ[169], [179]. The
spectrum shifts to higher binding energy under polarization as compared to open circuit, however
the peak shape is not affected by the applied current or the presence of O,. The observed binding
energy shift is induced by changes of the overpotential across the Ni/YSZ electrochemical
interface as has been demonstrated in previous photoemission studies.[146], [180] The stable Zr
3d peak shape is in agreement with reports suggesting that the chemical state of YSZ is not
influenced by the applied current or the presence of O,[169]. The high thermal and chemical
stability of the YSZ surface, support the hypothesis that the performance of the cell with Ni-YSZ

cathode is primarily related to the oxidation state of nickel.
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Figure 3.5.The NAP-XPS Zr 3d peak measured on the Ni-YSZ cathode electrode in 0.5 mbar
H,O/H, at 640 °C (from bottom to the top) at open circuit, application of 100 mA/cm® and
application of 100 mA/cm? and co-feed of Os.
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3.5.2. Ce 3d for Ni-GDC ceramic part
In case of the Ni-GDC electrode the analysis of the Ce 3d spectrum prior to current application
shows that GDC contains contributions of both Ce* and Ce*" cations (fig. 3.6) in accordance
with several previous reports of ceria in H,O/H, mixture.[1], [50], [142], [181], [182] The ratio
between Ce’™ and Ce*" does not change appreciably with the applied current, yet upon O,
introduction a small, but consistent, increase of the Ce*" component is observed in the Ce 3d
spectrum (fig. 3.6.) This can be clearly seen in the Ce Ms-edge NEXAFS spectrum shown in fig.
3.7. Although ceria oxidation state is much less influenced in the presence of O, as compared to
nickel, according to previous findings its impact on the electrode activity might be substantial[7],

[142], [148].
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Figure 3.6. The NAP-XPS Ce 3d spectra measured on the Ni-GDC cathode electrode in 0.5
mbar H,O/H, at 640 °C (firom bottom to the top) at open circuit, application of -100 mA/cm? and
application of -100 mA/cm? and co-feed of O,. Two Ce 3d components were used to fit the

spectra corresponding to Ce®" (blue) and Ce*" (red) oxidation states.
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3.5.2.1. Ce Ms-edge NEXAFS spectrum of Ni-GDC electrode in H,O/H, and
H,0/H,/0, environments

The Ce Ms- edge NEXAFS lines (fig. 3.7) were used to detect slight modifications in the GDC
oxidation state since NEXAFS spectra have a much higher signal to noise ratio as compared to
NAP-XPS. In addition, due to the higher analysis depth of NEXAFS in TEY mode as compared
to NAP-XPS (4 or 5 nm instead of ca. 2 nm), NEXAFS results can be used to conclude if
oxidation is also propagated in deeper layers or if it is restricted exclusively at the outer surface.
The Ce Ms- edge peaks recorded at 640 °C in galvanostatic mode (-100 mA/cm?) before and
during co-feed of O, in the H,O/H, mixture show some marginal, but reproducible, differences.
The curve obtained by subtraction of the spectra recorded in H,O/H, from the one in H,O/H,/O,
(indicated as Diff. in fig. 3.7) after proper intensity normalization, resembles very much to that
of the standard CeO, sample (CeO, ref.). This observation suggests that by introducing O; in the
H,O/H, feed we increase the amount of the Ce*” component in the Ce Ms- edge spectra. This
observation implies partial oxidation of GDC in H,O/H,/O; in accordance with the NAP-XPS

results shown in the main text.
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Figure 3.7.Ce Ms-edge NEXAFS spectra measured on the Ni-GDC electrode in 0.5 mbar
H,O/H, at 640 °C and at a current of -100 mA/cm” before and during co-feed of O,. The
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mathematical difference between the two curves is shown in blue line, while the reference

spectrum of Ce;0 is included for comparison.

3.6. The effect of ceria oxidation state: Surface composition and electrochemical

behavior

3.6.1. The effect of ceria oxidation state over reduced Ni-GDC electrode
The impact of the GDC oxidation state cannot be safely evaluated from the above presented
results because the introduction of O, in the H,O/H, mixture influences the chemical state of
both nickel and GDC areas. In order to maintain nickel in a stable oxidation state while varying
that of GDC, we take advantage of the much slower kinetics of ceria reduction in H,O/H,
mixture as compared to nickel oxide[50]. In particular, a pre-oxidized Ni-GDC electrode was
exposed to H,O/H, atmosphere and almost instantly an electrical current of -100 mA/cm?® was
applied while Ce 3d spectra were collected in short time periods (ca. every 10 min). Fig. 3.8a
presents the evolution of the overpotential as a function of time recorded in this experiment. It is
clear that within the first 40 min the overpotential decreased around 200 mV, while a plateau of
about 750 mV was reached after 1 hour. The Ni 2p3,; spectrum recorded in H,O/H; mixture prior
to current application shows a characteristic peak of metallic Ni (fig. 3.8b). This confirms that
NiO which is formed during the pre-oxidation step is reduced almost instantly to the metallic
state upon introduction of H,O/H,. On the other hand, the Ce 3d peak shape is modified (fig.
3.8b), which, according to the fitting process, is due to the relative increase of the Ce®" species as
shown in fig. 3.9. The noticeable agreement between the formation of Ce’* and the improvement
of the cell performance becomes evident in (fig. 3.8a), where the evolution of ceria oxidation

state is compared with the cell overpotential.
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Figure 3.8. Reduction of Ni-GDC electrode a) Time evolution of the Ni-GDC/YSZ/Pt cell
overpotential (solid black line), and the evolution of Ce*"/Ce*" components ratio (blue points) as
derived by the analysis of the corresponding NAP-XPS Ce 3d spectra. Measurements were
performed on pre-oxidized Ni-GDC cathodes in 3:1 H,O/H, gas mixture at 640 °C and at
constant current of -100 mA/cm®. The blue color background represents the uncertainty in the

calculation of the Ce*"/Ce*" ratio mainly related to the deconvolution procedure. b)
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Characteristic Ni2p3», and Ce 3d NAP-XPS spectra in H,O/H, before and after current
application. Two Ce 3d components were used to fit the spectra corresponding to Ce®” (blue) and

Ce*" (red) oxidation states of ceria.

Fig. 3.9 below shows a comparison of the Ce 3d and Ni 2p NAP-XPS spectra recorded in
H,O/H; before the current application (O.C.) and after 95 min in electrolysis conditions. From
the difference spectrum it becomes clear that the small modification in the spectrum form is

related to the apearacne of extra Ce*species (reduction of GDC).
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Figure 3.9. Ce 3d NAP-XPS spectra measured on the Ni-GDC cathode electrode in H,O/H,
before the current application (O.C.) and after 95 min in electrolysis conditions. The difference

curve as well as the reference spectrum of CeO; s is included for comparison.
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3.6.2. The effect of ceria oxidation state over a morphologically stable Ni-GDC
electrode

Despite the fact that in the above described dynamic experiment the oxidation state of Ni was
constant, the Ni2p/Ce3d peak area ratio was decreasing with time, as shown in fig. 3.10 for the
evolution of the Ni2p/Ce 3d peak areas ratio as a function of time for Ni-GDC under steam
electrolysis conditions. This indicates losses of nickel surface area[1],[146][50], which can
potentially influence the Ni-GDC electrode performance. The two primary factors contributing to
the changes of the Ni2p/Ce3d peak area ratio are the modification in the volume of nickel and
ceria particles and the mutual surface segregation between them, as described elsewhere[1],
[148]. In order to stabilize the electrode morphology, the cell was annealed at 810 °C in H,O/H;
for about 6 hours. This treatment decreased the Ni/Ce ratio by about 40% (from 5.9 to 3.7), while
it stabilizes the ratio during the following tests. High temperature pretreatment in H,/H,O
induces also a significant reduction of GDC as evident by the increase of the Ce’” to Ce*" ratio

from 0.57 to 1.54.
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Figure 3.10. Time evolution of the Ni2p/Ce 3d peak area ratio derived by the analysis of the
corresponding NAP-XPS spectra. Measurements were performed on preoxidized Ni-GDC

cathode electrodes in 3:1 H,O/H, gas mixture at 640 °C and at constant current of -100 mA/cm?.
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Fig. 3.11 correlates the ceria oxidation state and the cell overpotential for practically stable
electrode morphology (as shown by the almost fixed Ni/Ce ratio). The different ceria oxidation
states were obtained either by subjecting the sample in O, prior to the electrochemical reaction or
by in situ transformation of GDC during electrochemical testing (the conditions of each
measuring point are included in fig. 3.11 and explained in table. 3.1). In all cases the cell was
measured under identical electrolysis conditions (in H,O/H, mixture at -100 mA/cm?). In this
way we were able to monitor the effect of ceria oxidation state over a morphologically stable Ni-
GDC electrode. A monotonic inverse correlation of the ceria oxidation state with the
overpotential is observed with a significantly higher Ce*"/Ce*" ratio (more reduced ceria) to be

favorable to lower electrolysis overpotentials.
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Figure 3.11. Correlation of GDC oxidation state as expressed by the Ce®"/Ce*" ratio and the
corresponding Ni 2p/Ce 3d peak area ratio obtained by the analysis of Ce 3d NAP XPS peak as a
function of the overpotential. The measurements were performed on Ni-GDC cathodes in 3:1
H,0/H, gas mixture at 640 °C and at constant -100 mA/cm” current after cell pre-treatment at the

indicated conditions.
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Table 3.1. Detailed description of the Ni-GDC electrode conditioning steps shown in fig. 3.11 of

the main paper. Pretreatments were performed in the spectrometer chamber (in situ) under

overall pressure of 0.5 mbar. The pretreatment steps are given with chronological order labeled

as steps 1, 2 and 3.

Abbreviation

Step 2

Pretreatment Description

pre-810°C (5 min)

pre-810°C (60 min)

pre-O; (5 min)

pre-O; (60 min)

H,O/H, at
810 °C for

6 hours

-100 mA/cm” in 3:1 H,O/H,
at 640 °C for 5 min'

-100 mA/cm” in 3:1 H,O/H,
at 640 °C for 60 min'

3:1:1 HO/H,/O, at 640 °C

for 30 min

-100 mA/cm? in 3:1 H,O/H,
at 640 °C for 5 min'

-100 mA/cm? in 3:1 H,O/H,
at 640 °C for 60 min'

3.7. Morphology of the tested cells

The SEM micrographs recorded on the surface of the two electrodes after the oxidation tests are

presented in fig. 3.12. Both electrode types show a typical cermet structure with high porosity

and distinctive grains of nickel and ceramic phases, in the size range of 1 to 5 um. The nickel

and ceramic parts of the electrode are distinguished by the EDX analysis and can be seen in the

higher magnification images. The nickel particles for both electrodes appear rough and also

include some irregular-shaped pores on their surface. Although nickel particles look similar in

both electrode types, the morphology of the ceramic parts differs. The YSZ areas (fig. 3.12a) do

not contain pores but have clearly distinguished boundaries between the sintered YSZ grains. On
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the other hand the GDC (fig. 3.12b) is evidently more porous as compared to YSZ, indicating
that GDC areas of the electrode are composed by a network of smaller GDC particles.

a:'f.m-vsz -

Figure 3.12. Characteristic SEM micrographs of the surface of a) Ni-YSZ and b) Ni-GDC

cathode electrodes recorded after the oxidation tests.

The differences in the porosity allows one to argue that even if nickel and ceramic wt%
composition is similar in the two electrodes, the surface area of GDC should be considerably

higher than that of YSZ due to the porous morphology of the former. Consequently, higher
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population of electrochemically active sites are expected for Ni-GDC as compared to the Ni-
YSZ electrode. Likely, this might justify lower overpotential of Ni-GDC cell as compared to Ni-
YSZ for the same current densities in fig. 3.1 and fig. 3.2. Nevertheless, comparison of the SEM
images of Ni-YSZ and Ni-GDC spent electrodes reveal no discernible morphological
differences, at least in the nickel areas. Accordingly, the differences in the electrochemical
response of the two electrodes observed upon nickel oxidation cannot be justified by analogous
differences in the surface structure, leaving the changes of the surface oxidation state as the most

plausible explanation of the electrochemical performance.

3.8. Comparison of Ni-YSZ and Ni-GDC electrochemical performance
Comparison of fig. 3.1 and 3.2 suggests that Ni-YSZ and Ni-GDC electrodes respond differently
to surface NiO formation. The effect of nickel oxidation on the overpotential of the two
electrodes is directly compared in fig. 3.13a, showing the % increase of the overpotential as a
function of the nickel oxidation state and the average NiO film thickness. The latter was
calculated by the analysis of the Ni 2p spectra recorded in the course of the experiment.[171] A
monotonic increase of the overpotential with nickel oxidation is observed for both electrodes, but
in case of Ni-YSZ the overpotential increase is considerably higher. This is a quite substantial
difference which indicates that the role of nickel during water electrolysis might vary in the two

cermet electrodes.

Electrochemical impedance spectroscopy (EIS) is often used in order to distinguish the
contribution of different cell components or processes to the total electrode impedance. The EIS
spectra of Ni-YSZ and Ni-GDC electrodes measured in H,O/H, (3/1) and H,O/H,/O, (3/1/1)
feeds are compared in the Nyquist plots given in fig. 3.13b and c, respectively. The Nyquist plots
of both electrodes consist of two main semi circles. The depressed high frequencies arc is
attributed to the electrolyte (YSZ) bulk impedance and can be quantified by a simple fit to a
resistor in parallel with a constant phase element (CPE), while the low frequency arc corresponds
to processes taking part at the electrodes, typical for low temperature cell operation[183]. It can
be seen that the EIS spectra of Ni-YSZ and Ni-GDC electrode cells in H,O/H, are different,
while they also respond differently when 20% of O, is added into the H,O/H; flow. In order to
get insights into these differences the Nyquist plots are fitted using convenient equivalent

electrical circuits. In particular for the Ni-YSZ cell, a (Rup//CPEur) +(Rgg//CPEgF) circuit is
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suitable for modelling, whereas for Ni-GDC cell, better fitting was obtained with a
(RHF//CPEHF)+(RMF1//CPEMF1)+(RMFQ//CPEMFQ)+(RBF//CPEBF) circuit (the equivalent circuits

used for each cell are shown above the corresponding Nyquist plots in fig. 3.13.
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Figure 3.13. a) Comparison of the % overpotential increase of cells with Ni-YSZ and Ni-GDC
cathode electrodes as a function of the relative amount of NiO and the average NiO film
thickness (derived by the analysis of the corresponding NAP-XPS Ni 2p spectra recorded using
1320 eV photon energy). Measurements were performed at 640 °C and at constant current of -
100 mA/cm® while different concentrations of O, were introduced in the H,O/H, feed.
Impedance spectra presented in Nyquist form, obtained under constant applied current of -100
mA c¢cm? at 640 °C in H,O/H,(3/1) and H,O/H,/O,(3/1/1) at total pressure of 0.5 mbar from two
electrochemical cells with b) Ni-YSZ and c¢) Ni-GDC working electrodes. The equivalent circuits
used for the fitting of impedance data are shown above of each graph. Measured data are given
by symbols, whereas fit results are shown by lines. In both cells Pt counter and reference

electrodes with identical geometry were used.
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It should be noted that the equivalent circuit was not used for an accurate determination of each
capacitance or resistance value, but mainly aims to separate the different contributions in the
total resistance of the two samples (i.e. the different rate-determining steps) and identify them
from their associated capacitance range. The impedance formula of a Constant Phase Element
(CPE) is 1/Q(jo)", with an associated real capacity part calculated from the formula
(RC)"'=RQ[184]. The resistance and capacity values of the corresponding fitting are collected in
Table 5. For the four diagrams, the high frequencies semi-circle is related to a capacity value of
107 F cm™, ie. slightly higher than that typically observed for pure GDC or YSZ
electrolytes[185]. This suggests that the corresponding phenomena are linked to the bulk
impedance of the electrolyte and also to transfer reactions occurring near the
electrode/electrolyte interface[89], [185]—[188]. The latter assertion was confirmed by additional
EIS measurements done at different temperatures, which show a regular increase of the
corresponding resistance when the temperature increases, as it is typically observed for thermally
activated phenomena. In all cases the capacity value of the low frequency semi-circle (Cgr)
ranges between 1.1 F cm™ and 5.5 F cm™ implying that the associated process is due to mass
transfer phenomena occurring at the external side of the electrode. This attribution is in
accordance with conclusions established by other authors[89], [143], [189]-[191]and was also
confirmed by supplementary experiments which show the dependency of the latter phenomenon

on the oxygen concentration.
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Table3.2. Comparison of resistance and capacity values determined from the fit of impedance
diagrams of Figures 3.13b and c. The range values within the difference between the simulated

and experimental resistance values are also given.

Rur'S  Cur/S | Ruri'S  Curi/S | Rur2S  Cur2S = RprS  CprlS

(Qcm®) (Fem?)  Qem?) (Fem?) (Qem’) (Fem?) (Qem?) (Fem?)

Ni-YSZ
0.9V
H,O/H,

Ni-YSZ
1.46V

H,O/H,+
20% O,

Ni-GDC
0.6V 0.04+0.01

1.30+ 0.05

0.03£0.01

H,O0/H,

Ni-GDC

0.77v 44+0.1 | 24107 | 0.28+0.02 0.09 0.70+0.02 0.18 0.4+0.05 3.0

H,O/H, +
20% O,

In the absence of oxygen, the two RHF values obtained for the Ni-YSZ and Ni-GDC cells are not
the same, in agreement with the differences in charge transfer reactions involving GDC and
YSZ. On the contrary the RBF values are identical, suggesting that RBF depends mainly on the
reaction (e.g. adsorption of H,O onto Ni sites) and not on the electrode type. The medium
frequency features, associated to the RMF1 and RMF?2 resistances and appearing only in the case
of the Ni-GDC electrode, are assigned to polarization processes specific of the porous GDC
electrode and its ability to compensate change in oxygen stoichiometry[89], [192]. It can be seen

that when 20% of O, is added to the H,O/H; flow, the RHF increases by 0.8 and 0.6 Q cm2 for
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Ni-YSZ and Ni-GDC electrodes respectively. This confirms that this resistance is not only due to
YSZ or GDC conductivity, which should not be affected by Ni oxidation, but also contains the
charge transfer contribution through the Ni areas. In addition, introduction of O, increases the
RBF of Ni-YSZ by 1.I Q cm®, whereas for Ni-GDC the (RMFI+RMF2+RBF) remains
practically stable, suggesting that for the Ni-GDC electrode surface NiO formation does not
hinder the external adsorption phenomena. Nevertheless, other processes linked to RMF1 and
RMEF?2 resistances are slightly affected, probably due to Ce*” formation as suggested by the Ce
3d spectra analysis. This result signifies that in the case of GDC, contrary to what was observed
for YSZ, surface NiO formation does not influence the global mass transfer reaction kinetics
which remains the rate-limiting process. Since apart of the cathode electrode, both cells have the
same configuration, it is reasonable to assume that the surface oxidation state of nickel affects
the electrical conduction of both cermet electrodes, but is not a crucial factor of the
electrocatalytic activity of Ni-GDC, probably due to a compensation brought by the charge

change in the Ce*"/Ce’" couple.

3.9. Comparison of the electrocatalytic activity of Ni-YSZ and Ni-GDC during steam
electrolysis

The above described results suggest that the cathode surface chemical state is a crucial element
of the SOEC electrochemical performance during steam electrolysis. The key processes taking
place during steam electrolysis over the two cermet electrodes under reduced and partially
oxidized conditions are schematically illustrated in fig. 3.14. Nickel oxidation is a known cause
of cell deactivation, due to the lower NiO electrical conductivity and mechanical problems
caused by volume expansion, but the specific effect of nickel surface oxidation on the nm-scale
is revealed here for the first time. Previous H; electroxidation studies over GDC-based electrodes
proposed that the reaction is predominately taking place at the ceria/gas 2PB and in a much
lesser extent on the oxide/metal/gas 3PB[162]. GDC, as a MIEC material, is able to conduct both
oxygen ions and electrons. As a result, the electrocatalytically active reaction sites will be
extended to the entire GDC/gas interface. However, as mentioned above, the performance of the
cell is not only a factor of the electrocatalytic activity, but also of the electrical losses of the cell,
which are reflected to the electrical conductance. Here we provide direct evidence that a few nm
thick layer of NiO over metallic Ni particles of the Ni-GDC cermet has a small, but not

negligible, effect on the electrical performance. This is consistent with the higher electronic
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conductivity of metallic nickel as compared to ceria, which is suppressed upon nickel oxidation

influencing the cathode conductance.

X-ray

NiO-YSZ NiO-GDC

Figure 3.14. Simplified schematic illustration of steam electrolysis pathways over Ni/YSZ and
Ni/GDC electrode surfaces in a) reduced and b) partially oxidized states. The specific sites that

electrochemical reaction takes place are not shown in this figure.

Another remarkable result is that small changes of ceria surface oxidation state in the GDC parts
may notably influence the cell overpotential. Despite the fact that previous studies have shown
that ceria is maintained in a mixed Ce®*/Ce*" state during electrolysis conditions,[1], [7] this is
the first time that the GDC valence state is directly correlated to the electrolysis performance of
Ni-GDC. In particular, we found that reduced surface Ce’'sites are beneficial for the cell
performance. This result is not yet fully understood but it is most probably related to the increase

of the concentration of oxygen vacancies and polarons (Ce’") accompanying the reduction of
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GDC, which act as new electrochemical reaction sites promoting the activity of the

electrode,[ 193] balancing the negative effect of the Ni oxidation.

The positive effect of Ce’” can be also anticipated based on our previous findings on methane
electroxidation over Ni-GDC,[148] which demonstrated that reduced surface ceria sites (Ce’")
are optimal for high fuel cell currents. Therefore, it seems likely that reduction of GDC is a
critical general characteristic related with the performance of GDC electrodes. Of course, one
has to keep in mind that the valence state is determined by the reaction conditions (mixture
composition, temperature and cell current),[7], [50] which will define the oxidation state of GDC
under reaction equilibrium. However, our results propose that the enhancement of the GDC
reducibility might be an efficient strategy to improve the performance of Ni-GDC based SOEC

cells.

The reducibility of both doped and un-doped ceria might be enhanced by controlling the
characteristics of the sample [194], [195] and ref. therein. In particular the number and type of
defects, the population of the grain boundaries and the particle size, are known factors
influencing the reduction of cerium oxide[194]-[196]. In case of doped ceria literature reports
are not conclusive regarding the effect of dopant type and concentration in the ceria reducibility.
For example, some studies concluded that doping will markedly increase the reducibility of ceria
as compared to the pure phase,[197] while others found that dopants either do not affect ,or even
hinder, the reducibility of ceria.[198], [199] Nevertheless in an eventual attempt to produce
electrodes with enhanced ceria reducibility one should also take into account the fact that
reduction of ceria in the bulk will increase its electronic conductivity inducing unwanted leakage
current, which if present decreases the overall cell efficiency. Therefore, in an ideal case the
surface of ceria electrode should be able to reduce easily to Ce’* to enhance electrocatalytic
activity, while in the bulk the GDC composition should remain unafected so as to maintain the

mechanical and electrical properties of GDC.

3.10. Conclusions of Chapter 3
The relationship between the cell performance and the cathode surface oxidation state for Ni-
YSZ and Ni-GDC cermet electrodes during steam electrolysis was analyzed. A few nm thick
NiO layer on Ni-YSZ electrode was found to increase significantly the overpotential for

electrolysis reaction, but in the case of Ni-GDC its effect was minor. The surface of YSZ at the
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Ni-YSZ cermet was chemically stable under all conditions, whereas that of GDC was modified
both by the pre-treatment and by the electrochemical operation itself. Strong evidences are
provided about the influence of the GDC surface oxidation state to the cathode overpotential
during electrolysis and in particular, improvement of the performance with the degree of GDC
surface reduction. Overall, throughout this study we demonstrated that small, reversible
modifications on the outer few nm of the cathode electrodes might have a major influence on the

cell electrochemical performance during steam electrolysis.
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IV.  Chapter 4. Synthesis and characterization of nickel-doped ceria nanoparticles with

improved surface reducibility

4.1. Introduction
As we illustrated in the previous chapter, there is a strong evidence for the influence of the GDC
surface oxidation state to the cathode overpotential during electrolysis and in particular
improvement of the performance with the degree of GDC surface reduction. This motivates us to
think of how to improve the Ni-YSZ cathode electrode and at the same time to reserve the
mechanical stability that is given by YSZ ceramic part. In this chapter we will present our study
for the synthesis and characterization of nickel-doped ceria nanoparticles compared to
conventional supported Ni/CeO,, and in chapter 5 we will discuss its influence on the
electrochemical performance for the impregnated NiCe@NiYSZ cathode electrode and ceria

surface reducibility.

Nickel-doped ceria nanoparticles (Nig;Cep9Osx NPs) were fabricated from Schiff-base
complexes and characterized by various microscopic and spectroscopic methods. Clear evidence
is provided for incorporation of nickel ions in the ceria lattice in the form of Ni*" species which
is considered as the hole trapped state of Ni*". The Nip1Cep90,.x NPs exhibit enhanced
reducibility in H, as compared to conventional ceria-supported Ni particles, while in O, the
dopant nickel cations are oxidized at higher valence than the supported ones. Cerium (IV) oxide,
also known as ceria (CeQO,), is largely exploited in catalysis and electrocatalysis,[194] for
example, as a constituent of three-way automotive catalysts[200]. The unique catalytic properties
of ceria have been connected to the facile and reversible exchange between Ce*" and Ce’**
oxidation states which allows fast uptake and release of oxygen under oxidizing and reducing
conditions, respectively. Although oxidation of Ce®" ions is kinetically fast, the reduction of Ce*"
is generally sluggish, therefore great effort has been devoted to promote ceria reducibility[201]
either by modifying the size and the morphology of the crystals or by partial substitution of
cerium by metal ions[202], [203]. The latter has been also exploited as a strategy to produce
catalysts containing metal ions atomically dispersed on the oxide support, usually referred to as
single-atom catalysts[204], [205]. A prerequisite for the synthesis of metal-substituted ceria
particles is the formation of a homogenous solid solution between the metal and ceria.

Conventional catalyst synthesis methods, e.g. co-precipitation, are not capable of that and
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typically lead to the formation of segregated metal/ceria agglomerates[206]. Therefore, realizing
the homogeneous dispersion of metal into the ceria lattice is a critical challenge in the effort to

synthesize novel single atom catalysts and there are only few available methods for that.

Recently W. L. Wang et al.,[207] proposed a synthesis route that involves a solution of the two
metal salts which react in a continuous reactor in the presence of supercritical water (374 °C and
23 MPa). Alternatively, S. McIntosh and coworkers, demonstrated that Cu-doped ceria
nanoparticles can be synthesized at room temperature in aqueous solution using a modified base
precipitation method[208]. These methods do not involve organic compounds and so, they do not
require a cleaning step after preparation. On the downside, the absence of an organic protective
layer constitutes the particles potentially vulnerable to aggregation and agglomeration. In an
alternative synthesis method put forward by Elias et al.[209], a solution-based pyrolysis route is

followed to produce phase pure, monodisperse My ;Ce 90« (M: Ni, Co, Au) nanoparticles.

To ensure close association of cerium and transition metal ions during their nucleation and
growth, heterobimetallic Schiff base complexes were used as inorganic precursors. By this
method the nanoparticles are surrounded by an oleylamine protective layer, which allows
obtaining narrow size distributions of relatively small particles (ca. 3 nm). However, the
synthesis is relatively complex since it requires 3 consecutive steps. In this work we
modulated/simplified the previously proposed method[209] to prepare nickel-doped ceria NPs
from Schiff base metal complexes obtained in one step, without pre-synthesis of the salpn
(N,NO-bis(salicylidene)-1,3-diaminopropane) ligand molecule. The structure and composition of
the produced NPs were verified by various methods, including XPS, HR-TEM, Raman and
XRD, while their surface reducibility is compared to conventional supported Ni/CeO, using in

situ structural and surface sensitive techniques.

This chapter is based on the published article: Wassila Derafa, Fotios Paloukis, Basma
Mewaty,Walid Baaziz, Ovidiu Ersen, Corinne Petit, Gwenaél Corbel and Spyridon Zafeiratos
“Synthesis and characterization of nickel-doped ceria nanoparticles with improved surface

reducibility”. RSC Adv., 2018, 8, 40712, DOI: 10.1039/c8ra07995a
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4.2. Materials and methods
Nip 1Ce90,.«x nanoparticles (NiCeNPs) were synthesized by mixing the heterobimetallic Schiff
base complexes precursors in oleylamine and reflux at 180 °C under Ar (see Fig. 4.1). The Schiff
base complexes were prepared directly, without using a Schiff base ligand as in ref. [209]. For
characterization, the NiCe NPs were dispersed in hexane solution and drop casted on various
inert supports (polycrystalline gold foil, silicon wafer and fused quartz glass) and the solvent was
allowed to evaporate at room temperature, leaving a layer of nanoparticles grafted on the
support. A reference 10%Ni/CeO,sample (Ni/CeO,) was prepared by the co-precipitation
synthesis route. Detailed description of the synthesis and the characterization methods is given

below.

4.2.1. Synthesis of Niy1Ce90;.x nanoparticles
The synthesis of Nij ;Ce90O,.x nanoparticles in close to that described by J.S. Elias and al.[209]
but took place in 2 steps instead of 4 steps. Ce(IlI)L complex and Ce(III)Ni(II)-L binuclear
complex have been prepared on one step separately. The bidentate Schiff-base complex was
synthesized by the published method [[200], [209]] based on click chemistry. After mixing both
Schiff-base complexes in the ratio 8/1 according to the desired compound the Nigp;Cep9O;«

nanoparticles have been obtained by pyrolysis of the mixture.
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Figure 4.1. Schematic illustration of the preparation of the Nij ;Ce9O,.xnanoparticles.
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4.2.1.1.  Preparation of Ce(I1I)-L complex

In a solution of 20 ml of methanol we added two equivalents of 2-hydroxy-3-
methoxybenzaldehyde (0.30 g, 2 mmol), an equivalent of 1,3-diaminopropane (0.07 g, 1 mmol)
and an equivalent of cerium (III) nitrate hexahydrate Ce (NO3) 2.6 H,O (0.406 g, 1 mmol),
giving an yellow precipitate immediately, according to (fig. 4.2). The yellow suspension was
stirred at reflux for 4 hours before cooling to room temperature. The crude product was filtered
through a frit, washed with cold EtOH (3 x 20 mL) and dried under vacuum to give Ce(Ill)-L
complex as a yellow powder with a yield of one step synthesis of 94%; purity is controlled by
TLC plate and Rf = 11% eluent (CH,Cl, / EtOH).
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Figure 4.2. Synthesis step of Ce"'-(N,N'-bis (3-methoxysalicylidene)-propylene-1,3-diamine).

4.2.1.2. Preparation of Ce(III)Ni (II)-L binuclear complex:

In a three-necked flask we put a mixture of two equivalent of 2-hydroxy-3-
methoxybenzaldehyde (4 g , 26.31 mmol), an equivalent of 1,3-diaminopropane (1.05 g, 15
mmol) and an equivalent of Nickel(II) tetrahydrate Ni (OCOCH3),. 4H,0 (3.33 g, 13.5 mmol) in
a solution of 50 ml of methanol. The green solution was refluxed at 80 °C for 9 h and after
cooling down at room temperature an equivalent of cerium(III) nitrate hexahydrate Ce (NO3),.
6H,0 (5.48 g 13.5 mmol) dissolved in 5 ml of methanol was added to the solution. Consequently
the mixture was stirred for 10 minutes and then allowed to crystallize at room temperature,
according to fig. 4.3. After reducing the volume of the solution to 20 ml yellow-green crystals
were obtained, filtered and washed by (3 * 20 ml) of methanol. The yield of the synthesis of the
Ce(LI)Ni(II)-L binuclear complex is 57%, its purity is controlled by TLC plate and the Rf = 20%
eluent (CH,Cl, / EtOH 8.5/ 1.5).
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Figure 4.3. Synthesis step of Ni"-Ce" (N,N'-bis(3-methoxysalicylidene)-propylene-1,3-

diamine).

4.2.1.3.  Preparation of Nij;Ce90,.x nanoparticles[1,2] :
The Nig;Cep90,.x nanoparticles were prepared by a mixture of (0.092 g, 0.173 mmol) of Ce
(II)-L and N1 (II) Ce (III)-L (0.440 g, 0.547 mmol) in 40 ml of oleylamine. The mixture was
refluxed at 180 °C under argon for 4 hours, and the remaining dark brown product was isolated
by centrifugation. The brown solutions were divided into fractions of 3.5 mL and flocculated
with ethanol (30 mL each). Consequently the brown flocculent was isolated by centrifugation
(4000 rpm for 20 min) and redispersed in hexane (5 mL fractions). Bulk precipitates were
removed by centrifugation (3000 rpm for 3 min) and subsequent decanting of these solutions.
This process was repeated two times to give brown hexanes solutions of Nig;CeoO,«. After
drop casting on a support the Nij;Cey90,.x nanoparticles were calcined at 400°C in air for 1

hour to remove the protective organic cap layer.

4.2.2. Synthesis of 10% Ni/CeQO; using the co-precipitation method
The 10% Ni-CeO, reference material was prepared by the co-precipitation method using metal
nitrates. In particular, an aqueous solution containing the required amounts of Nickel(II) nitrate

hexahydrate [Ni(NO;3);-:3H,0] (Sigma-Aldrich) and Cerium(IIl) nitrate hexahydrate

148



[Ce(NOs3);-6H,0 (Sigma-Aldrich)] with their concentration of 0.1N each, were simultaneously
precipitated using an aqueous solution containing 0.25 N KOH. The pH was maintained between
9.5 and 10 during the process. The co-precipitated mass was thoroughly washed, filtered and

dried at 90 °C for 12 h in air followed by calcination in furnace.
4.3. Characterization methods

4.3.1. XPS analysis
The XPS analysis chamber is equipped with VSW Class WA hemispherical electron analyzer
(150 mm radius) and a monochromatic Al Ka X-ray source (1486.6 eV). Oxidation/reduction
treatments were carried out in a flow-through variable-pressure reactor attached to the UHV
setup (0.6 L volume). Each oxidation/reduction step lasted 30 min at constant temperature and
gas pressure. The pressure of the gas (H, or O,) treatment was 7 mbar. Subsequently to the gas
treatment, the sample was cooled to room temperature in gas and the reactor was evacuated to 5
x 10" mbar. Then the sample was transferred in vacuum into the analysis chamber for XPS

characterization.

4.3.2. XRD Analysis
The XRD spectra were recorded at 25°C intervals between 25 and 400°C (heating rate of
10°C/min, temperature stabilization for 20 min, cooling rate of 60°C/min) by using a XRK 900
Anton Paar reactor chamber attached to a PANalytical 6/0 Bragg-Brentano Empyrean

diffractometer (CuKo s, radiations) equipped with the PIXcel'®

detector. The sample was
deposited on the sieve (pore size & 0.2mm) of the open sample holder cup, made of glass
ceramic Macor, thus allowing gas to flow through and eventually reacting with the sample. For
the CeO,/NiO (10mol%) powder sample, the diffractogram was collected at each temperature in
the [20°-130°] scattering angle range with a 0.0131° step for a total acquisition time of 220 min.
For the Nig Ce90,.x drop casted sample, the diffractogram was collected at each temperature in

the [20°-65°] scattering angle range with a 0.0131° step for a total acquisition time of 155 min.

The program FullProf [210]was used for Le Bail refinements.

4.3.3. Raman Analysis
Raman spectra were acquired using a micro-Raman spectrometer (Horiba LabRam), with

excitation wavelength of 532 nm. A 100x objective was used to focus the excitation laser to an
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approximately 1 um spot with a laser power of less than 1 mW to avoid heating and damage of

the sample.

4.3.4. Microscopy
The surface morphology was inspected by SEM using a Zeiss GeminiSEM 500 microscope.
Energy-dispersive X-ray spectroscopy (EDXS) mapping was combined with the SEM images to
resolve the different elements on the surface of the electrodes. The TEM analysis of Niy ;Cey90,.
x was carried out on a JEOL 2100F working at 200 kV accelerated voltage, equipped with a
probe corrector for spherical aberrations, and a point-to-point resolution of 0.2 nm. The sample
was dispersed by ultrasounds in an ethanol solution for 5 minutes and a drop of the solution was

deposited on a copper covered with a holey carbon membrane for observation.

4.4. Surface Composition for Nig;Ceg 90, xnanoparticles
The X-ray diffraction (XRD) patterns of NiCe NPs before and after calcination are shown in fig.
4.4a. Both patterns are characteristic of fluorite-type CeO, phase without extra peaks originating
from Ni-containing phase. The absence of Ni diffraction peaks indicates the successful
introduction of the entire amount of Ni ions in the ceria lattice and the absence of segregated
nickel[211].The cubic unit cell parameter is slightly increasing after calcination from 5.421(1)
°A to 5.424(1) °A in good agreement with the parameter determined by Elias et al. for ceria NPs
(a Ceria z 5.42 °A)[209]. The unit cell parameter for the NiCe NPs is larger than the one
typically reported for undoped bulk CeO, grains (5.411 °A)[212]. At first sight, this may appear
to oppose the fact that nickel ion is smaller in size than Ce*",[213] however the lattice expansion
can be explained by the creation of extrinsic oxygen vacancies through the aliovalent substitution

of Ce*" with Ni™".

Raman spectroscopy is sensitive to the modification of the local structure of the ceria crystal and
particularly to lattice defects[117]. Fig. 4.4b shows the baseline corrected Raman spectra of fresh
and calcined NiCe NPs. The main Raman band at 458 cm™ corresponds to the triply degenerate
F», mode of fluorite-type ceria structure and it can be considered as the symmetric stretching
mode of oxygen atoms around cerium ions. Two additional features are observed at about 545
and 620 cm™ which according to previous studies are induced by defects in the ceria
structure[117], [126]. The lower-wave number band at 545 cm’ is attributed to defect sites that

include an O* vacancy (extrinsic vacancy), while the higher-wave number band at 620 cm™ is
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induced by the presence of Ce®" or Ni** jons[117], [120], [124], [126].The peak at 225 cm™ is the
transverse optical (TO) phonon mode, which becomes Raman active due to the disorder induced
by doping in CeO,[124]. Comparison of the Raman spectra before and after calcination in fig.
4.4b shows that fresh NiCe particles contain a great number of defect sites which, to a large
extent, remain also after calcination at 400 °C. Since the amount of extrinsic oxygen vacancies is
directly related to the oxidation state of nickel ions, this indicates the stability of nickel oxidation

state during calcination.
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Figure 4.4. (a) XRD patterns b) Raman spectra and c) XPS spectra d) Auger spectrum of
Nip,1Ce.90,« particles as synthesized (red) and after calcination at 400 °C in O, (black).
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XPS can be used to confirm the oxidation state of Ce and Ni ions as well as their surface
arrangement[ 148]. In fig. 4.4c the Ce 3d and Ni 2p spectra before and after calcinations of NiCe
NPs are presented. The Ce 3d photoelectron peak contains several multiple splitting features
including the intense peak at 916.8 eV which is characteristic for Ce*" ions [148]. The Ni 2ps»
line is composed by a main peak at 855.3+0.1 eV and a satellite feature at higher binding
energies with relative intensity about 25 £5% of the main Ni 2ps/, peak. The binding energy (BE)
position and the peak shape do not correspond to nickel oxides or hydroxides reported in relevant
literature[24], [174], [214], [215]. Similarly, the Ni LMM Auger peak shape and the so called
modified Auger parameter (o) at 1698.9 eV shown in fig. 4.4d, differ from previously published
results of oxidized nickel compounds [214]. These findings suggest that the chemical
environment around Ni cations varies from the known bulk nickel oxides (e.g. NiO). On the
other hand, previous studies of Ni*™ species formed after potassium interaction with NiO [216],
[217] exhibit similar Ni 2ps, peak characteristics with the one found here, which is a strong
evidence that in the case of NiCe NPs, nickel is mainly in the Ni*" state. More conclusive results
about the oxidation state of nickel will be provided after comparison with supported nickel oxide
particles in the next section. The Ni:Ce atomic stoichiometry calculated by XPS is found 12:88 +
2%, close to the expected stoichiometry of NijCe 9O, particles (10:90). This stoichiometry
remains constant after calcinations, which indicates the stability of the NPs during this process
and excludes surface segregation phenomena. Overall XRD, Raman and XPS analysis of the
NiCe NPs provides solid evidence for the formation of Ni doped-ceria particles with the

expected stoichiometry and high stability to the calcination procedure.

The SEM micrograph of the NiCe NPs applied by drop casting on a SiO,/Si substrate is shown in
(fig. 4.5a). The texture of the fresh film is not homogenous and consists of flat areas interrupted
by parts where the texture is porous. After calcinations at 400 °C and removal of the capping
oleylamine layer, the NPs have the tendency to agglomerate and form a flat and homogenous
film on both Si0,/Si and Au foil substrates as shown in fig. 4.5b and 4.5c. Apparently, the flat
nature of the NiCe NPs film demonstrates the tendency of the solution to wet the support and
form layers instead of agglomerated particles. Based on the quantitative analysis of the SEM
images using EDX the Ni atomic ratio was found 11.0 +£1.5%, which is in good agreement with

both XPS findings and the nominal Ni loading.
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Figure. 4.5. SEM images of a NijCe 90« layer (a) fresh after drop casting the solution on a
Si0,/Si wafer (b) after calcination at 400 °C on a SiO,/Si wafer and (c) after calcination at 400

°C on a Au polycrystalline foil.

The HR-TEM image (fig. 4.6a) after calcination shows aggregated NiCe NPs with a mean
diameter of about 4 nm, similar to previous work[209]. Typical high resolution STEM images
(fig. 4.6b and 4.6¢) show the high crystallinity of the calcined NiCe NPs and reveal that the
crystallites are formed in truncated octahedral crystal habits. The corresponding Fast Fourier
Transform (FFT) patterns (fig. 4.6d) suggest that the {111} and {100} are the mainly exposed
facets of the NPs.

5nm 2 nm AVE

)] Zone Axis [01-1]

Figure. 4.6. High resolution bright field STEM image and the corresponding FFT diffraction

pattern of Nij ;Ce 90, formed after calcination at 400 °C.
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4.5. Investigation of the redox properties of Nij;Ce90,cnanoparticles
The redox stability of NiCe NPs is investigated next, in comparison with supported Ni/CeO, of
the same nominal composition. Generally in catalytic studies temperature programmed methods
(TP) are employed to examine the redox properties. However such methods are not suitable for
NiCe NPs, since they require a relatively high solid sample loading, which bypasses the capacity
of the synthesis method and needs scale up. Furthermore, TP methods present some drawbacks
mostly related to the overlapping of the peak profiles and the difficulty to identify with certainty
surface and bulk processes. Alternatively, analytical methods can be used to provide direct
information about the oxidation state during, or after redox treatments[218], [219]. Although this
is a more elaborate approach, it is preferential for the purpose of this study, since it can be

specific on the surface redox properties providing that surface sensitive methods are used.

4.5.1. In situ XRD analysis during redox cycles
The thermal stability of the two samples was determined by XRD under either 96%N,-4%0, or
96%N,-4%H, atmosphere at different temperatures along the profiles displayed in fig. 4.7.
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Figure 4.7.Temperature profiles.

Temperature-controlled X-ray diffractograms were collected. For the CeO,/NiO (10mol%)
powder sample, the diffractogram was collected at each temperature in the [20°-130°] scattering
angle range with a 0.0131° step for a total acquisition time of 220 min. For Nig;Ce9O,.x drop
casted sample, the diffractogram was collected at each temperature in the [20°-65°] scattering

angle range with a 0.0131° step for a total acquisition time of 155 min.
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4.5.1.1.  Nig1Cey 90, drop-casted on quartz substrate
The raw drop casted sample does not contain any secondary phase. Whatever the annealing
temperature under diluted oxygen, the diffraction pattern remains similar to that of a ceria type
compound. It suggests that a partial substitution of cerium by nickel occurs. When the sample is
annealed under diluted hydrogen, no appearance of nickel metal as secondary phase is observed,
whatever the annealing temperature. The sample is then stable in reducing atmosphere up to
400°C. The diffraction patterns of the sample recorded under diluted hydrogen are similar to
those recorded under diluted oxygen. Indeed, after being annealed at 400°C either under 96%N,-
4%0, or 96%N,-4%H, atmosphere, the cubic unit cell parameter of ceria at room temperature
did not change as shown in table 4.1. The program FullProf was used for Le Bail refinements.
The cubic unit cell parameter of the sample is in agreement with the parameter determined by

Elias ef al. (acera = 5.42 A in[22]).

4.5.1.2. Powder Ni/CeO; (10mol%)
Raw powder Ni/CeO, (10mol%) contains NiO as secondary phase, as is evident by the (200)
peak at around 43.3° in 2theta in agreement with the JCPDS card n°® 01-071-1179. When this
powder is annealed under diluted hydrogen, a reduction of NiO into Ni starts at 275°C
(appearance of the (111) peak at around 44.5° in 2theta in agreement with the JCPDS card n° 00-
004-0850). At 300°C, Ni is the only secondary phase present in the sample. When this powder is
now re-annealed under diluted oxygen after being reduced, the diffraction lines assigned to Ni
start decreasing in intensity at around 275°C. A diffuse peak at around 43.3° in 2theta assigned
to NiO, appears only above 300°C. At 400°C, the oxidation is not complete and a large amount
of Ni remains present. After being annealed at 400°C either under 96%N;-4%0, or 96%N,-
4%H, atmosphere, the cubic unit cell parameter of ceria at room temperature did not change
(table 4.1). The program FullProf was used for Le Bail refinements. Ceria remains stable in

diluted hydrogen in the temperature range 25-400°C.
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Table 4.2.Cell parameters of the Nip ;Ce9O,.x NPs (left) and 10%Ni/CeO, as defined by in situ
XRD.

Aceria (A) at 25°C, after annealing at aceria (&) at 25°C, after annealing at

Sample

400°C, under 96%N2-4(y002 400°C, under 96%N2-4%H2

CeO,/NiO

(10 mol%) 5.4103(1)

5.4109(1)

Niy.1Ce.90,« 5.421(1) 5.424(1)

The in situ temperature controlled XRD experiments obtained during consecutive reduction and
oxidation (redox) cycles of pre-calcined NiCe NPs and Ni/CeO, are compared in (fig. 4.8). The
diffraction patterns of NiCe are similar to those of pure CeO, cubic structure and remain almost
identical in both H, and O, atmospheres for all annealing temperatures (fig. 4.8). Notably, there
is no appearance of diffraction peaks related to Ni or NiO. The calculated cubic unit cell
parameter of NiCe NPs remains practically constant in both atmospheres (table 4.1). Therefore,
within the XRD detection limits, the NiCe NPs are stable during the redox treatment in terms of
dispersion and nature of the presented phases, in good agreement with previous ex situ XRD
reports[220]. The average apparent size of the NiCe crystallites determined at room temperature
(by refinement after removing the instrumental line broadening) was 20(2) °A, and 37(4) °A
after calcination at 400 °C in O, and H,, respectively, which is in good agreement with the HR-
TEM results. The results show that the NPs can be reduced, inducing a large amount of oxygen
vacancies while keeping their structure practically stable. In contrast to NiCe NPs, in the XRD
pattern of Ni/CeO,, in addition to the CeO, diffraction, Ni-related peaks are detected (fig. 4.8). In
particular, the calcined Ni/CeO, contains a large (200) Bragg peak at around 43.3° in 2q assigned
to NiO. When annealed in H», a complete reduction of NiO into Ni occurs at 300 °C (appearance
of the (111) peak at around 44.5° in 2q assigned to Ni in fig. 4.7). In a consecutive reoxidation
cycle, a large amount of metallic Ni remains present even after annealing in O, at 400 °C,

indicating that the reoxidation is partial fig. 4.8. The diffraction peaks related to CeO, and
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accordingly the cubic unit cell parameters of Ni/CeO, sample remain practically stable during

both redox treatments (table 4.1).
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Figure 4.8. In situ XRD patterns of Nij;Ce 9025 NPs (left) and 10%Ni/CeO, (middle) upon
treatment up to 400 °C in O, and H, atmospheres. Whatever the samples, all Bragg peaks are
singly indexed on to the CeO;-like fluorite cubic sub cell. An enlarged view of the 42-46 degrees

region is also given at the right or the figure.

4.5.2. Ex situ XPS analysis
The XPS analysis performed under gas and temperature conditions similar to XRD is
informative of the stability in the near surface region. The Ce 3d and Ni 2p spectra of the NiCe
NPs and Ni/CeO; after H, and O, treatments at two characteristic temperatures are shown in fig.

4.9. Comparison of the relative Ni 2p to Ce 3d peak intensities between the two samples shows
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that in case of Ni/CeO, the intensity of Ni 2p peak is enhanced as compared to the NiCe NPs. In
particular, the atomic ratio of Ni increases to 35 + 2 from about 12 + 2 at Nij ;Ce 9O, in case of
Ni/CeO,, which seems surprising since both samples have the same nominal Ni loading. This is
rationalized by taking into account the differences in the morphology of the two samples. The
co-precipitation forms Ni particles dispersed on the ceria surface,[221] while Ni in the case of
NiCe NPs is inserted into ceria lattice. Given that XPS is surface sensitive, Ni particles dispersed
over ceria support (Ni/CeO,) is expected to have an enhanced Ni atomic ratio in XPS, as

compared to Ni atoms inserted into the fluorite lattice of ceria (NiCe NPs).

a) XPS Ni, Ce, O, NP b) XPS 10%Ni/CeO
Ni 2p & Ce 3d Ni 2p & Ce 3d 1

8553 eV

Intensity /a.u.

920 910 900 890 880 870 860 850 920 910 900 890 880 870 860 850
Binding Energy / eV Binding Energy / eV

Figure 4.9. Ni 2p and Ce 3d XPS specta of Nij;Cey90,x NPs (a) and 10%Ni/CeO, (b) upon

treatment up to 400 °C in O, and H, atmospheres.
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Apart of the differences in the peak area ratio, the two samples exhibit clear differences also in
the peak shape (fig. 4.10). As discussed above, in O, and low temperature H; the Ni 2ps/, peak of
NiCe NPs is likely due to Ni*t species. In case of Ni/CeO,, the main Ni 2ps, peak at 854.1 eV is
accompanied by a prominent shoulder around 855.3 eV and an intense satellite feature (50 +5%
of the main Ni 2ps;, peak height) shifted by 6.9 eV of the main peak (fig. 4.10a), typical
characteristics of the Ni 2p spectrum for bulk NiO[24], [174], [214], [215]. These differences
confirm that in the case of NiCe NPs nickel is mainly in the Ni*" state, while for Ni/CeO, it is
oxidized to NiO (Ni*" valence) and reveal a fundamental chemical modification of nickel
imbedded in the ceria lattice as compared to supported nickel particles. The oxidation state of
nickel remains unchanged up to 200 °C in H,, while at 400 °C in H, Ni 2p;., shifts at 852.7 eV
and the satellite peak intensity drops considerably. This is a clear indication of reduction of

nickel to the metallic state for both samples and completes the XRD observations shown above.

a) Ni 2ps, & || b)Ce3d
0,@ 400°C e« 1 H, @ 400°C

Ni,;Ce, 0, , NPs

Nig,Ce,,0,, NPs
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10% Ni/CeQ,
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Figure 4.10. (a) Comparison of the Ni 2ps3, spectra between 10% Ni/CeO, and NiCe NPs
samples recorded after calcination at 400 °C (b) deconvolution procedure of two characteristic
Ce 3d XPS spectra using Ce*” and Ce’" line shapes derived from reference samples recorded

under identical reduction conditions (400 °C in H,).
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The Ce 3d spectra of the two samples differ considerably after H, and O, treatments. The % Ce*"
species obtained after deconvolution of Ce 3d peak in Ce’" and Ce*” components (fig. 4.10b) are
given in table. 4.2. From this table it is clear that under identical H, treatment conditions the
amount of Ce3" species for NiCe NPs is up to 7 times higher as compared to Ni/CeO,. The ceria
stoichiometry is CeO; ¢3 in case of NiCe NPs, as calculated by the % Ce®" at 400 °C in H,. Such
a composition adopts a Bixbyite type C—Ce,O*™ structure, which has a cubic superstructure (a
~11.11 °A), originating from the ordering of oxygen vacancies along the [111] direction of the
fluorite type structure. The calculated XRD pattern of C—Ce,Os3,5 contains several superstructure
peaks of low intensity at 20 19.5°, 34.2°,37.9° and 41.4°, in addition to intense peaks at 20
27.8°, 32.2°,46.2°similar to those observed for CeO,. However the detection of the small
superstructure peaks characteristic of the C—Ce,03.5 phase in the XRD pattern of NiCe NPs (fig.
4.4), is impossible due to a broadening of all Bragg peaks induced by the small size of coherent

diffraction domains (37(4) °A).

Doped-ceria nanoparticles have been studied for a number of applications including catalytic CO
oxidation[208], [209] and electrocatalytic CO, reduction, [222] showing an excellent
performance as compared to standard supported catalysts. The reducibility of ceria, i.e. the facile
transformation of Ce cations from Ce*" to Ce’", is a crucial property for the catalytic
applications, since it is related to the ability of the material to release and uptake O atoms during
reactions[223]. The present findings show that the reducibility of ceria is enhanced when Ni is
doped into the lattice, as compared to Ni deposited over ceria supports. The enhanced
reducibility of NiCe NPs can be used to design improved catalysts when enhanced ceria
reducibility is required. For example, facile ceria reduction is known to promote heterogeneous

catalytic reactions following the Mars—van-Krevelen reaction mechanism[224], [225].
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Table 4.2. The % concentration of Ce’" species at different gas treatments as derived by the

analysis of the Ce 3d XPS spectra.

Conditions

Ni0_1Ce0,9Og.x 10%Ni/C802

calcined 0 0

200 °Cin H, 27 5

400 °Cin H; 74 10

200 °Cin O; 31 10

400 °C in O; 0 0

Apart of the apparent influence on the ceria reducibility, the synthetic strategy reported here has
an additional advantage which is related to the fact that the NiCe NPs are solved in hexane
solution. This solvent has a high viscosity (0.30 mPas@?25 °C) which allows facile access of the
solution containing NiCe NPs via capillary forces into the channels of porous supports as
compared to NPs in aqueous media. High viscosity can find direct application for the use of this
material in the preparation of solid oxide cell electrodes (SOCE). In recent years there is an
increased interest to fabricate SOCE by direct infiltration of the electrode material on a porous
electrolyte scaffold[40], [114], [226], [227]. Typically, ceria is deposited from nitrate solutions
which have much lower viscosity than hexane, often resulting in a non-uniform in depth
distribution of ceria into the pores of the scaffold. The application of doped ceria nanoparticles
prepared by the method described in this work for the development of highly efficient SOCE,
will be explored in future studies. We expect that the enhanced reducibility of ceria which was
evident in this study, in combination with the facile application of the nanoparticles into the
channels of the scaffold, based on the high viscosity of hexane solutions, is a promising
combination which can contribute to the development of more robust and active solid oxide

electrodes for fuel cell and electrolysis applications.
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4.6. Conclusions of Chapter 4
In summary, Nij;Cey90,.x nanoparticles with mean diameter of about 4 nm were synthesized
from heterobimetallic Schiff base complexes precursors using a two-step process. The as
prepared particles are dispersed in hexane solution and later drop casted onto planar supports for
characterization. A variety of analytical methods including XPS, XRD, Raman, STEM, and SEM
were applied to ascertain the structure, morphology and chemical state of the nanoparticles
before and after calcination at 400 °C. Among other things, the results illustrated the presence of
trivalent Ni*" ions and a considerably high amount of defect sites into the ceria particles. The
reduction/oxidation of the Niy;Cey9Os.xnanoparticles in Hy/ O, ambients respectively, was
studied by XPS and in situ XRD. For comparison ceria-supported nickel particles prepared by
standard co-precipitation method, were examined under the same conditions. Notably, the
surface reducibility of ceria is enhanced when Ni is doped into the ceria lattice, as compared to
ceria acting just as the Ni support. Considering that the reducibility of ceria determines to a large
extent the facility of this material to store and release oxygen, the Nig ;Ce90O,.x nanoparticles
prepared by this method can be potentially exploited in a variety of technological fields such as

heterogeneous catalysis and solid oxide electrochemical cells.
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Chapter 5: Nickel-doped ceria nanoparticles
as promoters of Ni-YSZ electrodes of Solid
Oxide Electrolysis Cells
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V.  Chapter 5: Nickel-doped ceria nanoparticles as promoters of Ni-YSZ electrodes of

Solid Oxide Electrolysis Cells

5.1. Introduction
As discussed in chapter 3, there is a monotonic correlation of the ceria oxidation state with the
overpotential drop for cells with Ni-GDC cathode electrodes under steam electrolysis conditions.
Additionally, in chapter 4 we have shown that the reducibility of ceria for Nigp;Ce 9O,
nanoparticles (NiCe NPs) determines to a large extent the facility of this material to store and
release oxygen under oxidizing and reducing conditions, respectively. Combining the high
mechanical stability of Ni-YSZ with the enhanced capacity of Nip;Ce9O,.x NPs to exchange

fast its oxidation state could be a promising approach for SOECs development.

There are two general approaches to develop electrodes for solid oxide electrochemical cells.
One is to synthesize new electrode materials (e.g., typically cermets or perovskite type) with
improved properties and apply them on the electrolyte by using traditional fabrication process
(i.e. screen printing). [82], [228], [229] An alternative approach is to develop new methodologies
for fabricating electrodes over electrolytes, trying to optimize the performance and stability of
already existing state-of-the-art SOEC materials [39], [40], [226], [229], [230]. An effective
fabrication method which has attached a lot of attention is to utilize the electrolyte material as a
porous electrode scaffold and infiltrate directly into it electrochemically active and electronically
conductive components. [39], [40], [226], [230], [231] It is needless to say that the first approach
has much lower technology readiness level (TRL), since even if highly electrochemically active
materials are found, they should also respect other requirements before being integrated to SOEC
cells. For example electrode materials should not react with other parts of the cell, like
electrolyte and interconnect materials, while they should have compatible thermal expansion
coefficients and be able to maintain certain porosity. The second approach possesses many

advantages, since it can be directly integrated to the existing SOEC technology.

To promote water dissociation and hydrogen production of GDC-based electrocatalysts one has
to optimize the number of the electrocatalytic active sites. Theoretical investigations proposed
that this can be done by increasing the population of ceria oxygen vacancies as well as the
interfacing of ceria and Ni areas at the electrode [232]-[234]. However building GDC-based

cermets with these characteristics that can also withstand at high SOEC operation temperatures
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remains a difficult task. In addition, substitution of YSZ with GDC in SOEC electrodes faces
several technical difficulties including the poor mechanical strength of GDC as compared to
YSZ and the ease of GDC reduction which increases the electronic conductivity of the electrode
and eventually might lead to short-circuits problems in the cell. Since electrochemical reactions
take place at surfaces, incorporating GDC on the surface of conventional Ni-YSZ electrodes
could be an effective method to improve the electrochemical performance, with minor impact on
the thermal and mechanical stability of the cell. Impregnation of Ni-YSZ electrodes with ceria or
metal/ceria solutions has been shown a quite promising enhancement of the electrochemical
performance [106], [170], [235], [236]. The impregnation method is a popular approach for the
preparation of well-dispersed catalysts through low-temperature decomposition, and has been
used to improve redox stability due to structural advantages. One remaining challenge though is
to control the deposition process so as to keep Ni and GDC sites in close proximity and avoid
segregation of the two materials during the high temperature reaction conditions, which will

cause loss of the electrochemical active area.

Recently, Simona et al.[231] reported about a stable SOEC cell performance by infiltration of
Ni-YSZ conventional electrode with Cey3Gdy»0,.5 (CGO) nanoparticles. The loading of 125 mg
CGO per 1 cm’ Ni-YSZ backbone; reduced the cell voltage degradation rate from 699 mV kh™
for the bare Ni-YSZ electrode to 66 mV kh™ for the infiltrated electrode at 800 °C and -1.25 A
cm™. On the other hand, after introducing the CGO nanoparticles, the microstructure and
chemical composition of both electrodes showed that the steam reduction mechanism was

changed and the degradation was due to different mechanisms compared to the parent electrode.

Hussain et al. and Yurkiv et al. investigated Ni-ceria-impregnated SrTiOs-based anodes for low
temperature SOFCs[112], [237], [238]. Futamura et al. [236] developed zirconia-based
electrolyte-supported SOFCs Ni-impregnated anodes with dispersed Ni catalyst nanoparticles on
conducting oxide LST-GDC backbones, that exhibit lower anode non-ohmic overvoltage and
improved [-V performance. Moreover, the co-impregnation of Ni catalysts and GDC
nanoparticles further improves the electrochemical characteristics due to a decrease in anode

ohmic (IR) loss and non-ohmic overvoltage. This anode shows comparable I-V performance to
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conventional anodes for typical humidified hydrogen fuels and is a promising redox-stable

alternative for application at high fuel utilization.

In this chapter we propose a novel strategy to increase the performance and stability of SOEC
cells by surface modification of standard Ni-YSZ electrodes using nickel-substituted ceria
nanoparticles (Nip;Ce90,x) as promoters. This approach provides highly reducible ceria and
abundant Ni/ceria interface sites combined together into a single material. Moreover, due to their
small size the NPs can be easily incorporated on standard Ni-YSZ electrodes (acting as a back-
bone) with minimal fingerprint to the overall cell characteristics. We show that Nig;Ce9O7.
NPs have very distinct electronic and redox properties as compared to conventional ceria-
supported Ni particles. Notably, we demonstrate that modification of Ni-YSZ electrodes with
Nig;Cep90,x NPs results to superior performance for low temperature water electrolysis as

compared to unmodified electrodes.

5.2. Experimental part
Electrolyte-supported NiYSZ//YSZ//Pt SOEC cells with a Pt reference electrode were prepared
and used to evaluate the effect of NiCe NPs on the performance of Ni-YSZ electrodes during
water electrolysis. The Ni-YSZ working electrode (WE) was fabricated using a typical
preparation procedure for solid oxide button cells [239]. Platinum was used for counter (CE) and
reference (RE) electrodes due to its high performance stability [170] in order to minimize

discrepancies in the cell performance related to the CE.

5.2.1. Fabrication of Niy1Ce(.00,.x modified Ni-YSZ cells
The Ni-YSZ working electrode (WE) was fabricated by our collaborators in Centre for Research
and Technology-Hellas (CERTH, Thessaloniki-Greece) using a commercial NiO-YSZ cermet
powder (Fuel Cell Materials, 66% by weight NiO, 34% by weight (Y203)0.0s(Z1r0O2)0.92) which
was formed as ink (solid content 70 %wt.) and applied by means of screen printing (STV, mesh
40 pum) on an Yttria-Stabilized-Zirconia (YSZ) pellet (Kerafol, 8YSZ) with a thickness of 150
um. The half cells were calcined in air at 1350 °C for 3 h. The mean Ni-YSZ electrode thickness
was about 40-50 pum as estimated by cross-sectional SEM images. For the preparation of CE,
platinum paste (Pt ink 5542-DG, ESL) was painted symmetrically opposite of the WE and was

separated by about 3 mm from the RE painted at the same side as described before in chapter 2.
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After painting the Pt electrodes the cell was left to dry for about 1 hour at 100°C and then fired in
air at 980 °C for 10 min.

The Ni-YSZ clectrode was used as a scaffold and was impregnated with Nig;Cep9Orx —
containing hexane solution. The solution was dropped onto the Ni-YSZ scaffold using a 10 pL
micropipette. Different loadings of Nip;Cey9O,x —containing hexane solution were tested,
namely from 100 to 500 pL/cm’. Using NPs diluted in a hexane solution is beneficial for the
infiltration process because of the low surface tension (18.4 mN/m) at room temperature, which
should help to wet the pores of the Ni-YSZ electrode better than other solvents, i.e. water (71.97
mN/m). In addition hexane is a liquid with low viscosity which can easily penetrate the pores of

the electrode during infiltration.

After the impregnation and prior to the electrochemical tests the electrode was fired for 1 hour in
7 mbar O, at 400 °C to remove the organic residuals and consequently underwent reduction in 7
mbar H; at 450 °C. The fabrication process of the Nij ;Ce90,x modified Ni-YSZ electrode is
graphically summarized in fig. 5.1. Electrochemical experiments, before and after modification
with the NiCe NPs, were performed at the same cells (specimens) to assure that the performance
won’t be influenced by possible differences in the cell fabrication. The improvement of the Ni-
YSZ electrode performance after NiCe NPs modification was confirmed by 4 repeated

electrochemical tests using each time different Ni-YSZ cells.

MCe0, Solution MCed,

Figure 5.1. Schematics of the Niy ;Ce(90,.x modified Ni-YSZ sample preparation.
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5.2.2. Characterization Methods

The X-ray photoelectron spectroscopy (XPS) measurements were carried out in an UHV setup
(base pressure 1 x 10~ mbar) [240] described in chapter 2. Each oxidation/reduction step lasted
30 min at constant temperature and gas (H, or O,) pressure of 7 mbar. Subsequently to the gas
treatment, the sample was cooled to room temperature in gas and the reactor was evacuated to 5
x 10~® mbar. Then the sample was transferred in vacuum into the analysis chamber for XPS
characterization. Characterization of SOEC cell electrodes was performed with the sample
heated at 220 °C where it was found that the conductivity was sufficient to avoid electrostatic
charging problems during XPS measurements. Raman spectra were acquired at room
temperature and atmospheric conditions using a micro-Raman spectrometer (Horiba LabRam),
with excitation wavelength of 532 nm. A 100x objective was used to focus the excitation laser to
an approximately 1 pm spot with a laser power of less than 1 mW to avoid heating and damage
of the sample. The morphology of the cells before and after modification was investigated by a

JEOL JSM-6700F scanning electron microscope.

5.2.3. Electrochemical measurments
SOEC cells with geometric surface areas between 0.2 and 0.4 cm” were mounted on a ceramic
heater using gold wires at the back side as contacts for the CE and RE. Stainless steel clamps
attached on the top of the cell were used as current collectors for the WE. The temperature was
measured by a K-type thermocouple mounted directly at the side of the heater and the gas flow
into the reaction cell was controlled by mass flow controllers. In order to provide insights of the
electrode function the experiments were performed in a specially designed reactor described in
chapter 2 [219] which allowed surface characterization of the WE after electrochemical testing
without prior exposure to air. The particularity of this setup is that can operate at various
pressures (from 10~ mbar up to 1 bar) and that both sides of the cell are exposed in the same
gas/vapour environment. Polarization curves and electrochemical impedance spectroscopy (EIS)
measurements were conducted by using a VersaSTAT 3 (AMETEK Scientific Instruments)
potentiostat/galvanostat. The three-electrode configuration allowed the measurement of the
overpotential of the working electrode without the influence of the counter electrode. The
overpotential was calculated from the DC set voltages by subtracting the OCP and the IR. The

overpotential includes the ohmic drop in the electrolyte and the contact wires. Steam electrolysis
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was tested at 100% H,O atmosphere (without reducing agent in the feed) in 3 vapour pressure
regimes (0.5 to 23 mbar). The cell operated at relatively low temperature (65045 °C), since at
this temperature range the oxidation of nickel parts of the Ni-YSZ cermet is less extended. As
compared to the higher temperature operation of SOECs (>850 °C), where the use of H, co-feed
is typically required in order to avoid Ni oxidation, low temperature operation offers the
possibility to use 100% steam feed. Potentially such operation conditions are desired in order to

simplify the design of the stacks and improve the mechanical stability of SOEC cells.
5.3. Result and discussion

5.3.1. Effect of water vapour pressure over Ni-YSZ cathode electrode overpotential
Since a big effort of this thesis is devoted to combine electrochemical measurements with in situ
spectroscopy, the cell was exposed to relatively low steam partial pressures. In order to be able to
compare these data with realistic SOEC cell operational conditions, we describe in this paragraph
how the steam partial pressure influences the cell performance. Current-voltage (i-V) curves
shown in fig. 5.2, were obtained in steam electrolysis conditions under 3 different vapour
pressure regimes. In particular, the i-V curves were recorded at 100% H,O atmosphere (without
reducing agent in the feed) and in 0.5, 11 and 23 mbar total water vapour pressure (the water was
directly evaporated in the reactor from a reservoir without the use of an inert carrier gas).
Comparison of the 3 curves clearly illustrates that for the same current densities, higher water
vapour pressures are correlated to higher overpotentials. This effect can be understood by the
effect of water vapour pressure to the oxidation state of nickel. One can argue that as the water
vapour pressure increases, nickel oxidation is enhanced, therefore the cell is deactivated. That is
probably the reason why in the low pressure conditions used in NAP-XPS experiments the cell
operates without severe deactivation while real testing conditions require the use of H,/H,O

mixed atmosphere.
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Figure 5.2. Current density-overpotential curves measured under steam electrolysis conditions at

630 °C in3 vapour pressure regimes (0.5, 10 and 23 mbar).

5.3.2. Water electrolysis over Nig1Cey90;,.x modified Ni-YSZ electrodes
Having shown in chapter 4 that Nij;Ceo90,x NPs are relatively stable and prompt to the
formation of oxygen vacancies, in this paragraph we explore its influence on the electrochemical
activity of Ni-YSZ electrodes during steam electrolysis. In order to do so, the Nip;Cep 907
solution was directly drop-casted on the WE (Ni-YSZ) of a preformed Ni-YSZ/YSZ/Pt cell and
subjected to oxidation and reduction pretreatments as described in the experimental part. The
surface oxidation state of both electrodes after the last pretreatment step (7 mbar H;) and before
the water electrolysis test is verified by the XPS results shown in fig. 5.3. For brevity hereafter
the Nip.1Ce 90, modified Ni-YSZ/YSZ/Pt is abbreviated as NiCe@NiYSZ. For comparison,
the performance of the Ni-YSZ/YSZ/Pt cell prior to modification was also evaluated under
identical conditions (here after abbreviated as Ni-YSZ). As can been seen in fig. 5.3 after the H;
pretreatment both electrodes contain metallic nickel on their surface, while after NiCe
modification a clearly distinguishable signal due to the Ce 3d peak appears in the spectrum.
What is interesting to note is that the shape of the Ce 3d peak indicates that the majority of ceria

is in the reduced Ce’* state. This supports the idea presented above that NiCe nanoparticles are
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facile to reduce and can be easily transformed to the 3+ valence, which should be beneficial for

water electrolysis.

XPS Ce 3d & Ni 2p after reduction in H,

S
®
~ anr
- : o
=" |Ni-ysz
7]
c
)
£

NiCe@NiYSZ

T T T T T T T
920 900 880 860

Binding Energy /eV

Figure 5.3. Ce 3d and Ni 2p spectra of the recorded over Ni-YSZ and 570NiCe@NIYSZ

electrodes after reduction in 7 mbar H, at 400 °C.

Redox stability under cathodic polarization in steam

Before measuring the i-V curves from conventional Ni-YSZ and 570NiCe@NiYSZ impregnated
electrodes, both cells were set under cathodic polarization of -10 mA/cm? in 0.5 mbar H,O for 35
minutes. In fig. 5.4 the evolution of the cell potential as a function of time at constant current
density is shown. It is evident that after modification of the NiYSZ electrode with NiCe NPs the
potential of the cell drops significantly from -0.74 V to -0.28 V. Notably the impregnated cell not
only shows significantly lower initial potentials but also is gradually improving with time. On
the contrary, the potential of the cells with conventional Ni-YSZ cathodes was steadily

increasing with time.
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Figure 5.4. Time evolution of Ni-YSZ cathode electrode overpotential (black line) and
570NiCe@Ni-YSZ (blue line) measured at constant current of -10 mA/cm? at 630°C in 0.5 mbar
of 100% H,O.

The polarization curves under H,O electrolysis conditions recorded on cells with Ni-YSZ
cathodes before and after the addition of NiCe NPs at two operation pressures are shown in fig.
5.5a. In this graph only one characteristic NiCe NPs loading is shown, while later in this chapter
we will illustrate the effect of different NiCe NPs loadings on the cell performance. It is clear
that in both tested pressure regimes the polarization performance of Ni-YSZ is improved after
impregnation with NiCe NPs. In particular, at 0.5 mbar after the addition of 570 pL/cm” of NiCe
NPs solution the total overpotential, including activation, ohmic and concentration losses, drops
up to 1 V, while at 23 mbar (which corresponds to about 77% relative humidity) the drop is even
higher.

The impedance data were measured on two similar cells (Ni-YSZ/YSZ/Pt) but with different
YSZ electrlolyte thicknesses. The first cell with electrolyte thickness of 300 um was tested under
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0.5 mbar H,O at galvanostatic mode of -10 mA/cm® (fig. 5.5b) while the second cell with
electrolyte thickness of 150 um was tested under 23 mbar H,O at galvanostatic mode of -30
mA/cm? (fig. 5.5¢). From these results the total Ohmic resistance R can be found by reading the
real axis value at the high frequency intercept. The diameter of the semicircle is equal to the
polarization resistance, R, which is related to the kinetics of the reactions and the diffusion of
water both towards and away from the electrode. As can been seen, the polarization resistance
decreases after NiCe addition in both pressure regimes. The ohmic resistance does not change
considerably at the low pressure experiment while at higher pressure there is significant
improvement of Ry in the case of NiCe addition (fig. 5.5¢). This confirms the interpretation

given above regarding the oxidative effect of water vapors on nickel especially at the higher

pressure regime.
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Figure 5.5. a) Current-overpotential curves measured under steam electrolysis conditions over
Ni-YSZ and 570NiCe@NiYSZ electrodes during stem electrolysis at 630°C in 0.5 mbar and 23

mbar of 100% H,O. Impedance spectra presented in Nyquist form, b) obtained under constant
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applied current of -10 mA cm™ at 0.5 mbar H,O, C) obtained under constant applied current of -

30 mA cm™ at 23 mbar H,0, both over Ni-YSZ and 570NiCe@Ni1Y SZ electrodes at 630 °C.

The analysis of the Ni 2p;3, and Ce 3d spectra recorded from the two electrodes after
electrochemical reaction is presented in Figure 5.6. In the case of the 570NiCe@NiYSZ
electrode, the deconvolution of Ce 3d spectra, performed after subtraction of the contribution of
the overlapping Ni 2ps;» component in Figure 5.6a, reveals coexistence of both Ce®” and Ce*"
states. Please note that prior to the electrochemical tests the electrodes were reduced to metallic
Ni and 100% Ce** in H, (see fig. 5.3). Thus pre-reduced NiCe NPs undergo oxidation under
electrolysis conditions; however oxidation is only partial, since a significant portion of Ce’" ions
still remains. This is in accordance with previous studies on Nickel gadolinia-doped ceria
(NiGDC) cermet electrodes which showed that a mixed Ce*"/Ce®" oxidation state is maintained

in thermodynamic equilibrium with steam [50].

The analysis of the Ni 2ps/, spectra is complicated due to the overlapping between photoemission
and intense satellite peaks. As indicated in Figure 5.6b, four characteristic features can be
distinguished in the Ni 2p;/, spectra measured after steam electrolysis. The main peak at 854.1
eV and the distinct peak feature at 852.5 eV are typically assigned to oxidized Ni*" and metallic
Ni’ [174] respectively, as discussed also above. The other two peak features at 855.7 (sat./) and
861.0 eV (sat.2) are satellite features induced by complex final state photoemission phenomena
taking place in oxidized nickel. All examined electrodes contain a metallic Ni’ peak, suggesting
that under the employed electrolysis conditions nickel is not fully oxidized. This can explain the
electrochemical measurements which show that even in 100% H,O the electrode has certain
conductivity. Close examination of the Ni*" and sat.] peaks reveals that in the case of the
570NiCe@NiYSZ electrode the intensity of sat.l peak is notably enhanced as compared to the
NiYSZ samples. Since this peak shape does not correspond to any of the oxidized nickel species
reported so far, we attempted to reproduce this feature by adding a small component with the
characteristics of Ni 2p spectra found on Niy;Ce 90, NPs (see chapter 4). Indeed, as shown by
the blue curve in figure 5.6b, about 10% of the Ni 2p signal of 570NiCe@NiYSZ electrode
comes from Ni** species originating from NiCe NPs. This observation not only indicates that a
significant population of these “doped” nickel species are present on the surface during

electrolysis, but also shows that the oxidation state of nickel as Ni*" in the NipCeo.002-x particles
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is stable during the electrochemical reaction (since the Ni 2p spectra also remain identical with

those of the material prior to the doping).

a) Ce 3d b)Ni2p,, Q,c,w“é
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Figure 5.6. a) Ce 3d XPS spectra of 570NiCe@NiYSZ electrodes measured after steam

electrolysis. The Ni 2p;» contribution has been properly subtracted and the spectra are

deconvoluted using reference peaks measured on pure Ce’” and Ce*" ceria states b) Ni 2ps, XPS

spectra measured on NiYSZ and NiCe@NiYSZ electrodes. The reference peak measured on

Nip.1Ce.90,.x NPs is included for comparison.
Surface morphology of Niy.1Cey.90,.. modified Ni-YSZ electrodes

The surface morphology of the NiYSZ and 570NiCe@NiYSZ electrodes after electrolysis is
analyzed by SEM (fig. 5.7). In both cases the electrodes are composed of well-mixed Ni and
YSZ areas, which produce a very clear contrast in the SEM images. The YSZ areas are smooth
for both electrodes, while Ni areas have a rough surface texture, which is quite distinct before
and after modification. In particular for the Ni-YSZ electrode the Ni areas appear porous, while
after doping there are no evident pores. In the high magnification images of the
570NiCe@NiYSZ electrode Ni and YSZ areas are covered with small nanoparticles with sizes in
the range of 10-20 nm. The EDS profile from these areas show only peaks related to Ni and
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YSZ, however the corresponding XPS analysis shown above confirms a clear signal of ceria
species (see fig. 5.5), allowing to connect these particles with agglomerated Nig;Cep9O,.x NPs.
Keeping in mind the very different surface sensitivity of the two methods, it is quite reasonable
that small particles decorating the surface of the electrodes do not have a strong EDS signal in

contrast to XPS.

Figure 5.7. SEM micrographs of the Ni-YSZ electrodes before and after addition of Nig ;Ce9O5.
x« NPs measured after water electrolysis conditions (at 650°°C in 0.5 mbar of 100% H,0).

The analysis of the Raman spectrum recorded on the 570NiCe@NiYSZ electrode after
electrolysis is complicated because the Raman peaks related to ceria and YSZ are overlapping as
shown in fig. 5.8. However the Raman spectrum remains similar to that of the original NiCe (see
fig. 4.4) with a potential reduction of the features related to defect ceria sites. The cross sectional
SEM images of the electrode shown in the same figure suggest that NiCe modification did not
induce any noticeable macroscopic changes in the electrode porosity, validating the method of
using NPs for the modification since they have a negligible influence of the electrode

microscturcture.
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Figure 5.8. a) Raman spectra of the 570NiCe@NiYSZ and Ni-YSZ electrodes recorded after
electrolysis experiment. b) Cross sectional SEM micrographs of the 570NiCe@NiYSZ electrode

after electrolysis experiment.

5.3.3. Optimization of Niy,;Cey 90, loading of the modified Ni-YSZ electrodes
In the previous section it was shown that impregnation with Ni-doped ceria nanoparticles allows
introducing a high population of easily reducible and highly interfaced Ni-ceria sites on the
surface of Ni-YSZ with negligible fingerprint to the overall cell morphology or electrode
porosity. Electrochemical characterization under low temperature water electrolysis conditions
showed that the modified Ni-YSZ electrodes are significantly improved and in particular the
polarization losses are much lower as compared to the conventional (parent) unmodified cell. In
addition after modification the Ni-YSZ electrodes maintain their activity even at highly oxidative
electrolysis conditions, without the need of introducing a reducing agent (e.g. H,). Ex-situ

surface characterization suggested that the enhancement of the performance is related to a
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significant population of Ce®" and Ni*" surface sites maintained on the Ni-YSZ surface during
electrolysis. Consequently, it is very important to investigate the effect of different loadings of
the NiCe NPs and also optimize all the factors that could influence the electrochemical
measurements combined with the surface characterization. In the next section, we will discuss
ex-situ and in-situ NAP-XPS results for the impregnated samples with different loadings of NiCe

NPs under steam electrolysis conditions.
The effect of NiCe NPs loading over NiYSZ electrode electrochemical performance

The population of Ce’" and Ni** surface sites originated from Ni-doped ceria nanoparticles helps
to improve the electrochemical performance of the Ni-YSZ electrode as discussed above. In
order to understand more precisely the influence of these created electrocatalytic sites, the
Ni/YSZ electrodes were modified using increasingly higher loading of NiCe NPs and
consequently the electrochemical performance of the cell was compared under identical steam
electrolysis conditions. In particular 100, 200, 300, 400 and 500 uL/cm2 of the Nig1Ce 907«
containing hexane solution was impregnated on the same Ni-YSZ electrode. After each
impregnation step, the electrode was subjected to oxidation-reduction pre-treatments as
discussed above to remove the organic part. After each NiCe NPs loading i-V and EIS
measurements were performed under 0.5 mbar H,O and 630 °C. These measurements are

presented in fig. 5.9.

The i-V curves illustrate that the overpotential consumption of the conventional Ni-YSZ
electrode before the impregnation is higher as compared to that measured after the impregnation
with different NPs loadings. Pease note that a higher cell voltage at the same current densities
means that a larger input of power is needed to split water and generate the same amount of
hydrogen. At low current densities the overpotential of 100NiCe@Ni-YSZ is already lower than
that on conventional Ni-YSZ (at -0.1 A/em®= -0,821 V and -1,045 V respectively). At higher
200NiCe@Ni-YSZ loading the cell performance is improved even more substantially (ca. -0,4 V
at -0.1 A/cm?), while at even higher loading, the cell overpotential remains practically stable.
One can calculate that for I00NiCe@Ni-YSZ, the overpotential decreased by 21% as compared
to the Ni-YSZ before impregnation while for the 200-500NiCe@Ni-Y SZ loadings, the decrease
ranges from 62 to 66 %. At higher current densities (at -0.6 A/cm?) the effect of the NiCe NPs

modification is even more evident with almost 24.6% decrease for the 100NiCe@Ni-YSZ (from
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-2,19 V for Ni-YSZ the overpotential drops to -1,65 V) and almost 45% decrease for the 200-
S00NiCe@NiYSZ. One interesting point to note is that all these measurements were performed
on the same cell intermittent for 50h and exposed every time to oxidation reduction before steam
electrolysis, therefore the effect of NiCe NPs also competes the expected degradation of the cell

after this relatively long testing period.
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Figure 5.9. a) Current-overpotential curves measured under steam electrolysis conditions over
Ni-YSZ conventional electrode and 100NiCe@NiYSZ, 200NiCe@NiYSZ, 300NiCe@NiYSZ,
400NiCe@NiYSZ and 500NiCe@NiYSZ impregnated electrodes (from bottom to top) during
steam electrolysis at 630°C in 0.5 mbar of 100% H,O.

The effect of hexane solution over NiYSZ electrode electrochemical performance

The oxidation/reduction treatment process on the impregnated Ni-YSZ electrode is a necessary
step to remove the organic part around of the NPs and also the possible remainings of the hexane
solvent itself. As discussed above in order to do this the cell is subject to a redox cycle (up to 400

°C). In order to clearly demonstrate the effect of NiCe NPs it is important to estimate the effect
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of this redox procedure on the cell performance. In order to do so we perform a “placebo”
experiment where the NiYSZ electrodes were impregnated in pure hexane (which does not

contain any NiCe NPs) and subjected to the same redox treatment.

In fig. 5.10, the i-V curves illustrate that the overpotential of the conventional Ni-YSZ electrode
after the “placebo” impregnation increases as compared to its initial state. In particular the
degradation (as manifested by the i-V curves) is increasing when the loading of hexane solvent

increases from 100 to 200 pL/cm? as is revealed from the IV slope and the higher overpotential

consumption values in fig. 5.10.
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Figure 5.10 a) Current-overpotential curves measured under steam electrolysis conditions over
Ni-YSZ conventional electrode, 100Hexane@NiYSZ and 200Hexane@NiYSZ impregnated
electrodes (from bottom to top) during steam electrolysis at 630°C in 0.5 mbar of 100% H,O. b)
Impedance spectra presented in Nyquist form, obtained under constant current density of -35

mA/cm’, the EIS are measured for Ni-YSZ conventional electrode, 100Hexane@NiYSZ and

180



200Hexane@NiYSZ impregnated electrodes during stem electrolysis at 630°C in 0.5 mbar of
100% H,O.

The EIS recorded at -35 mA/cm’ reveal that the observed differences in the cell voltage between
the Ni-YSZ electrode before and after the “placebo” impregnation is correlated with an increase
of both Re and Rp contributions, as shown in table 5.1. Ex-situ XPS measurements on
200hexane@Ni-YSZ shown in fig. 5.12 (please look at the following paragraphs) reveals that
nickel is totally oxidized after exposing to the oxidation/reduction treatment followed by the

steam electrolysis test, which is in a good agreement to previous results[48], [50], [148].

Table5.1. Comparison of the ohmic and polarization resistances values determined from the

impedance diagrams of fig. 5.11 over Ni-YSZ conventional electrode, 100Hexane@Ni1YSZ and

200Hexane@NiY SZ impregnated electrodes.

-35 mA/cm?

Loading of NPs

5 Ohmic Resistance (R.) Polarization Resistance(Ry)
(uL/cm”)
(Q.cmz) (Q.cmz)
Ni-YSZ 85+0.1 0.9 +0.1
100Hexane@Ni-YSZ 13.9+0.1 2+0.1
200Hexane@Ni-YSZ 19.2 £ 0.1 2.6 £0.1

5.4. The effect of ceria oxidation state: Surface composition and electrochemical
behavior

The challenge of Ni-YSZ impregnation with NiCe NPs is to combine the thermal and mechanical
stability of N1YSZ and the high electrochemical electronic activity of GDC. By this way we
optimize the number of the electrocatalytic active sites by manipulating their population though
the amount of loading, without changing the macroscopic properties of the electrode. To ensure
the efficiency of impregnated NiCe@Ni-YSZ electrodes; their performance was compared with
cells with conventional Ni-GDC cathode electrodes. In fig. 5.11 we compare the i-V curves of

cells with NiGDC electrodes, with these of cells with modified and unmodified NiYSZ
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electrodes. For these tests it was decided to use pure steam atmospheres and relatively low
temperature (630 C). As can be seen in fig. 5.11 the cell with the unmodified NiYSZ electrode
operates at much higher overpotentials as compared to the other electrodes. The cell with
NiGDC works at lower overpotentials than Ni1YSZ but the cell with S00NiCe@NiYSZ shows the
better electrochemical performance among the 3 tested electrodes. The difference is small at low
currents but it turns to become important at higher current densities. This implies that the
modified NiYSZ cells do not only provide potentially better mechanical stability than NiGDC

but can also combine this with enhanced electrochemical performance.
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Figure 5.11. a) Current-overpotential curves measured under steam electrolysis conditions over
Ni-GDC and Ni-YSZ conventional electrodes and 500NiCe@NiYSZ impregnated electrodes
(from bottom to top) during steam electrolysis at 630°C in 0.5 mbar of 100% H,O.

Ex-situ XPS measurements on both electrodes of S00NiCe@Ni-YSZ and Ni-GDC after the
steam electrolysis tests are shown in fig. 5.12. These measurements reveal mainly the
composition of the cell surface without being very informative about its chemical state,
especially for nickel since it is known that it is easy to oxidize in air. According to previous
findings although ceria oxidation state in oxidative atmosphere (steam) is much less influenced

as compared to nickel, its impact on the electrode electrochemical performance is substantial [7],
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[142], [148]. Nickel is totally oxidized as Ni*" after the steam electrolysis tests for all electrodes
as shown in fig. 5.13. As mentioned above one cannot safely assign this oxidation to the
operation conditions, since part of it might be also due to atmosphere exposure after the reaction.
Although the chemical state of ceria is in a mixed Ce®”Ce*" oxidation state for both electrodes,
the doped ceria in NiCe@Ni-YSZ electrode is relatively more reduced (contains higher
contribution of Ce*" species) as compared to NiGDC. Comparison of the Ce*"Ce*" of the
corresponding Ce3d spectra (fig. 5.12) shows a Ce’ "'Ce*" ratio of 1,24 in the case of
500NiCe@Ni-YSZ as compared to 0,81 for the Ni-GDC electrode. Although it is not clear how
much the oxidation state of ceria was affected by the air exposure, these findings confirm what is
presented in chapter 4 regarding the high reducibility of NiCe NPs as compared to bulk GDC.
Also, they are in a good agreement with the results in chapter 3 connecting the formation of Ce®"

and the improvement of the cell performance, as shown by the cell overpotential.
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Figure 5.12. a) Characteristic Ni2ps3,; and Ce 3d XPS spectra after exposing to steam electrolysis
in 0.5 mbar H,O at 630°C for Ni-GDC electrode, b) 500NiCe@NiYSZ and C)

183



200Hexane@NiYSZ. Two Ce 3d components were used to fit the spectra corresponding to Ce>"
(red) and Ce*" (grey) oxidation states of ceria and NiO (blue) for Ni 2p.

5.5. Comparison of Ni-YSZ, Ni-GDC and NiCe@Ni-YSZ electrochemical performance
in the presence of O,

In chapter 3 we presented experiments where O, was deliberately introduced in the H,O/H,; feed
in order to investigate the effect of the surface oxidation on the electrochemical performance of
Ni-GDC and Ni-YSZ electrodes (please refer to fig. 3.13a). In this paragraph we follow the same
approach in order to explore the resistance in O, of the Ni-YSZ electrode after impregnation with
Ni-doped ceria nanoparticles. Fig. 5.13 shows the % increase of the overpotential as a function of
the nickel oxidation state and the average NiO film thickness for the three electrodes (the data for
cells with Ni1YSZ and NiGDC electrodes are reproduced from fig. 3.13 for comparison). Even if
the Nip;Ceo.90,.x NPs loading of the NiYSZ modified electrode is relatively low (20 uL/cmz) its
degradation upon introduction of O, is significantly lower as compared to the parent
(unmodified) electrode. However, the degradation is higher as compared to the cells with the
NiGDC cathode electrodes. This is probably the effect of the relatively lower amount of NiCe
NPs, since in figure 5.9 it was shown that the best loading for an optimum modification is at least
10 times higher.
In addition to that, the evolution of the % overpotential in the case of the 20NiCe@Ni-YSZ is
not linear like in the other two electrodes, but develops into two step points. In particular at the
initial step of nickel oxidation (NiO/Ni+NiO =15) there is a sudden increase of the overpotential,
similar to that observed at the NiYSZ electrode. However, upon further nickel oxidation the
increase of the overpotential is very mild, like the one observed in the case of the NiGDC
electrode. The EIS spectra of 20NiCe@Ni-YSZ measured in H,O/H, (3/1) and H,O/H,/O,
(3/1/1) feeds are shown together with those of Ni-YSZ and Ni-GDC electrodes in the right part
of fig. 5.13. The EIS shown in fig. 5.13b&c were recorded at -100 mA/cm?” and reveal that the
observed differences in the cell voltage between the Ni-YSZ electrode before the impregnation
and after each loading for the impregnated Ni-YSZ electrode come from the R, and Rp
contributions. As it is explained in chapter 3, the high frequencies semi-circle is related to the
bulk impedance of the electrolyte and also to transfer reactions occurring near the
electrode/electrolyte interface[89], [185]-[188]. The low frequency semi-circle is related to mass

transfer phenomena occurring at the external side of the electrode[89], [143], [189]-[191] For
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the conventional Ni-YSZ electrode, the EIS high frequency and low frequency contributions are
shown in fig. 5.11, the Rel = 4.6 = 0.2 Q.cm’ and R,=1.30 = 0.05Q.cm” as shown in table 3.2.
When the electrode was impregnated with 20NiCE@Ni-YSZ, the high frequency contribution
decreased to Re= 3.8 £ 0.05 Q.cm” and the low frequency contribution to Rp,=1.2£0.05 Q.cm’.
When 20% O, was introduced in the fuel feed, both the high frequency and low frequency
contributions are: Rel = 5.4 + 0.2 Q.cm” & R,= 2.4 £ 0.1Q.cm” and Rels = 4.5+ 0.2 Q.cm® & R,=
2.2 +0.1Q.cm” for Ni-YSZ and 20NiCe@Ni-YSZ respectively.
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Figure 5.13. Comparison of the % overpotential increase of cells with Ni-YSZ and Ni-GDC and
20Ni1Ce@Ni-YSZ cathode electrodes as a function of the relative amount of NiO and the average
NiO film thickness (derived by the analysis of the corresponding NAP-XPS Ni 2p spectra
recorded using 1320 eV photon energy). Measurements were performed at 640 °C and at
constant current of -100 mA/cm? while different concentrations of O, were introduced in the
H,O/H, feed. Impedance spectra presented in Nyquist form, obtained under constant applied

current of -100 mA c¢cm™ at 640 °C in H,0/H,(3/1) and H,O/H,/O,(3/1/1) at total pressure of 0.5
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mbar from two electrochemical cells with a) Ni-YSZ, b) 20NiCe@Ni-YSZ and c) Ni-GDC

working electrodes.

The evolution of the Ni 2p and Ce 3d spectra recorded in situ under constant current and in
various O, concentrations in the feed are shown in figure 5.14a. The evolution of ceria and nickel
oxidation states obtained after the deconvolution of the photoelectron peaks is shown in figure
5.14b. It is obvious that the oxidation of nickel is followed by a parallel oxidation of ceria parts
of the NiCe NPs. This shows that ceria sites of NPs are facile to oxidize by O,, which can partly

explain the higher rate of deactivation on this electrode as compared to NiGDC.

This experiment shows that even if nickel oxidation partly deactivates the cell, a very small
quantity of Ni-doped ceria nanoparticles on the NiYSZ surface could increase the resistance of
the electrode in O, environments, being beneficial for the electrochemical performance. As the
reaction sites is not only taking place at the oxide/metal/gas 3PB but also at the ceria/gas 2PB,
the surface of the modified electrodes contains ceria that can be reduced easily to Ce®” enhancing
in this way the electrocatalytic activity. At the same time at these mild oxidation conditions the

bulk of the electrode remains reduced allowing a reasonable cell operation performance.
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Figure 5.14. The NAP-XPS Ce 3d Ni 2p spectra measured on the 20NiCe@Ni-YSZ cathode
electrode in 0.5 mbar H,O/H; at 640 °C under -100 mA/cm” and co-feed of O, (from bottom to
the top). b) The evolution of Ce>"/Ce*" components ratio as derived by the analysis of the

corresponding NAP-XPS Ce 3d spectra.

5.6. Conclusions of Chapter 5
This work presents a simple and efficient method to increase the electrochemical performance of
standard Ni-YSZ cermet electrodes for solid oxide electrolysis cells, by impregnation with Ni-
doped ceria nanoparticles. The proposed method allows introducing a high population of easily
reducible and highly interfaced Ni-ceria sites on the surface of Ni-YSZ with negligible
fingerprint to the overall cell morphology, mechanical properties or electrode porosity.
Electrochemical characterization under low temperature water electrolysis conditions showed
that the modified Ni-YSZ electrodes are significantly improved and in particular the polarization
losses are much lower as compared to the original (parent) unmodified cell. In addition after
modification the Ni-YSZ electrodes maintain their activity even at highly oxidative electrolysis

conditions, without the need of introducing a reducing agent (e.g. H,). Surface characterization
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suggested that the enhancement of the performance is related to a significant population of Ce**

and Ni** surface sites maintained on the Ni-YSZ surface during electrolysis.
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General conclusions and perspectives

The objective of this thesis is to study the Ni-based cermet electrodes performance during
operation under intermediate temperature steam electrolysis, focusing on the comprehension of
the particular effect of the electrode surface state. Based on the detailed physicochemical
understanding gained in the first part of the work, a rational strategy for improvement of the cell

performance and durability is envisaged and tested at the end of this thesis.

A leading cause of degradation in Ni-based cermet electrodes is nickel oxidation, which could be
a result of air leakage in the fuel circulation system or long operation under high steam
concentration conditions. Based on well-known phenomena, such as the low electrical
conductance of nickel oxide and the mechanical problems caused by its volume expansion
during oxidation, the detrimental effect of extended/bulk oxidation in the cell performance is
well understood. However, this thesis focuses on the effect of the limited surface oxidation of the

nickel areas, which are much less studied and less recognized as a cause of deactivation.

In-situ and Ex-situ experiments on Ni-GDC and Ni-YSZ electrodes were performed under
different water vapour pressures, reduction and oxidation environments and different

polarization at ISISS beamline in HZB/BESSY II and ICPEES laboratory setup.

In chapter 3, we showed that the surface chemical state of the Ni-based cermets cathode
electrodes is a crucial element on their electrochemical performance during steam electrolysis.
Specifically, the effect of nickel surface oxidation on the nm-scale of both Ni-GDC and Ni-YSZ
electrodes is revealed. Comparative electrochemical measurements and in-situ NAP-XPS results
show that a few nm thick NiO layer on Ni-YSZ electrode was responsible of the significant
overpotential increase during the electrolysis reaction, but in case of Ni-GDC its effect was
minor. The YSZ ceramic part of Ni-YSZ cermet was chemically stable under all conditions of
this study, whereas for Ni-GDC cermet the GDC was modified both by the pre-treatment and by
the electrochemical operation itself. The improvement of the performance of the Ni-GDC
cathode electrode was found to be due to the slight increase of the Ce’*/Ce*" ratio. When Ni is

oxidized the electrochemical reaction sites are blocked in case of Ni-YSZ, but for Ni-GDC the
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(Ce*") electrochemical reaction sites balance the negative effect of the Ni oxidation and promote

the activity of the electrode.

These findings allowed us to propose the idea of doping the Ni-YSZ electrode surface with NiCe
NPs taking into account that the doped ceria nanoparticles should be able to reduce easily to Ce’*
so as to enhance the electrocatalytic activity. Also, the doping process should not influence the

composition of the bulk in order to maintain the mechanical stability of the electrode.

In chapter 4, the fabrication and characterization of Nickel-doped ceria nanoparticles and
conventional ceria-supported Ni particles (10% Ni-CeO,) are discussed. The synthesis of
Niy.;Ce90,« nanoparticles is close to that described by J.S. Elias and al.[209] but took place in
2 steps instead of 4. On the other side, the 10% Ni-CeO; reference material was prepared by the
co-precipitation method using metal nitrates. For Niy ;Ceo90O,.x nanoparticles the XRD shows the
absence of Ni diffraction peaks which indicates the successful introduction of the entire amount
of Ni ions in the ceria lattice and the absence of segregated nickel. Raman spectra show a band at
620 cm™ which is induced by the presence of Ce’™ or Ni*" ions. XPS confirms that nickel is
mainly in the Ni*" state and Ni:Ce atomic stoichiometry is found 12:88 + 2%, close to the
expected stoichiometry of Nig ;Cep 90, particles (10:90). All these findings give clear evidence
for incorporation of the nickel ions in the ceria lattice in the form of Ni*" species, which is

considered as the hole trapped state of Ni*".

The redox stability of NiCe NPs and 10% Ni-CeO, reference material are investigated by in situ
temperature controlled XRD and XPS. The XRD results show that the NiCe NPs are stable
during the redox treatment but the Ni/CeO, is not. Under identical H, treatment conditions the
amount of Ce3'species calculated from the deconvolution of the Ce3d spectra for NiCe NPs is
up to 7 times higher as compared to Ni/CeO,. These findings show that the reducibility of ceria
is enhanced when Ni is doped into the lattice, at least as compared to Ni deposited directly onto

ceria supports.

In chapter 5, the effect of Niy;Ce9O,.x NPs doping into the Ni-YSZ electrode electrochemical
performance under different water vapour pressures and different environments was studied. The
polarization curves of the Ni-YSZ electrode before and after the addition of NiCe NPs are

evidences for the improvements of the cell, as the overpotential consumption decreases after
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impregnation. The loaded 570 pL/cm® NiCe NPs@Ni-YSZ electrode showed significant
decrease of the overpotential under 0.5 and 23 mbar H,O. The XPS results measured after steam
electrolysis revealed the coexistence of both Ce®” and Ce*” states. These findings indicated that

the population of Ce*partially hinders the degradation of Ni- cermets.

The effect of the nanoparticles loading on the NiYSZ electrode was examined in order to
optimize the proposed process. Different loadings were prepared by impregnation of 100, 200,
300,400 and 500 uL/cm2 of the Nig 1Cep90,.« NPs on the same Ni-YSZ electrode. All cells were
measured under 0.5 mbar H,O and 630 °C. Comparison of the results obtained by ex-situ XPS
with the i-V curves of the conventional Ni-GDC, Ni-YSZ and impregnated Ni-YSZ electrodes
revealed that the best electrochemical performance for the 500NiCe@Ni-YSZ is due to the
higher Ce®”Ce*" ratio as compared to GDC-containing cermets. Additionally, in-situ NAP-XPS
measurements were performed under the same percentage of Ni oxidation for Ni-GDC, Ni-YSZ
and 20NiCe@Ni-YSZ, showing the % increase of the overpotential as a function of the nickel
oxidation state. Even if we are aware that the tested loading is relatively low, it shows better
performance, especially at high O, concentrations, as compared to the conventional Ni-YSZ

electrode.

In this work, in-situ NAP-XPS on the Ni-based cermets cathode electrodes was performed under
intermediate temperature and low water vapour pressure. One can propose that in the future these
electrodes should be tested under real operation conditions in order to explore the commercial
interest of the proposed method. Application of NiCe NPs could be extended to different kind of
SOEC electrode materials. For example, perovskite based cathode electrodes are very promising
but their activity is still limited as compared to cermet electrodes. Therefore impregnation of
these electrodes with the NiCe NPs synthesized in this work might be a simple way to increase
their electrocatalytic activity. Finally, as we showed here, Ni oxidation is a strong reason for the
cell deactivation, especially when hydrogen is not co-fed with the steam fuel. Since removing H2
from the cell feed will considerably simplify the engineering of electrolysis stacks, in the future
nickel should be replaced from the cermet electrodes with alternative materials that might be
more resistant to oxidative environments, with a reasonable amount of electrochemical active

sites.
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