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Résumé francais

Introduction : Pourquoi travailler sur des batteries zinc- air ?

La demande d'énergie et la pollution de 1'environnement sont progressivement devenues des
problémes urgents dans le monde. L'accent est mis sur les ressources énergétiques renouvelables et le
systeme de stockage d'énergie ¢électrique. Pour adapter les périodes de forte production a celles de forte
consommation, il est nécessaire de stocker I’énergie ¢lectrique produite sous d'autres formes d'énergie
(par exemple, gravitationnelle, adiabatique, mécanique, chimique, thermique, magnétique, etc.). Le
stockage électrochimique est cependant la technologie la plus largement adoptée et aussi la plus
ancienne.

Méme si le stockage de I'énergie €lectrique ne peut pas éliminer tous les problémes, il peut
jouer un role essentiel dans l'amélioration de la fiabilité et de l'utilisation du réseau. Les systémes
¢lectrochimiques ont l'avantage structurel de pouvoir étre construits et installés n’importe ou par
contraste avec les autres systémes qui sont moins faciles a implémenter sous toute tailles et dans tous
les emplacements (air compressé, hydroélectricité). Les systemes de stockage électrochimique peuvent
générer de 1'énergie avec une plage allant de quelques watts a plusieurs méga-watts. L'efficacité varie
de 60% a 90% selon le mode de fonctionnement et le type de batterie.

Les batteries traditionnelles comme les batteries au plomb ont une longue histoire de plus de
150 ans. La batterie au lithium-ion est beaucoup plus jeune avec seulement 30 ans depuis son
apparition mais elle est devenue rapidement le systeme le plus fiable en termes de nombre de cycles
et c’est le systéme le moins cher en termes de €/kWh. Ces systémes représentent la plus grande partie
du marché des batteries rechargeables commerciales. Cependant leur prix arrive au plancher défini par
le colt des ¢éléments chimiques et ces batteries, fonctionnant avec des liquides organiques
inflammables, peuvent devenir dangereuses lorsqu’on les dimensionne pour de I’énergie stationnaire.
Il faut également adapter librement la quantité d’énergie stockée (en Wh) et la puissance de la batterie
(en W). Diminuer le colit par kWh et par cycle, augmenter la sécurité, trouver un meilleur équilibre
entre le colt d’investissement initial et d’utilisation (CAPEX/ OPEX) nécessite de rechercher de
nouveaux systemes. Les batteries métal-air et les batteries a flux pourraient étre un moyen d'équilibrer

les deux aspects, ce qui signifie en méme temps réduire le colit et augmenter les performances.



Les batteries métal-air (métal = Zn, Al, Mg) sont prometteuses car elles utilisent des éléments
relativement peu couteux et permettent une trés bonne densité d’énergie (en Wh/m?®). Parmi ces
systémes, nous avons sélectionné les batteries zinc-air qui semblent le plus avancées dans le niveau de
technologie.

Mais ces batteries nécessitent des améliorations car elles ont des problémes de mauvaise
réversibilité, un mauvais rendement électrochimique et surtout un vieillissement rapide. En effet,bien
que les piles zinc-air aient été largement étudiées et développées pendant pres d'un siecle, divers défis
accompagnent leur développement sous forme de batteries rechargeables. La difficulté concerne aussi
la mise a 1'échelle qui devrait prendre en compte de nombreux parametres, par exemple le cofit,
l'efficacité, la sécurité, etc.

Les problémes impliqués dans le vieillissement de ces batteries résident principalement dans
I'¢lectrode de zinc. Il s’agit de de fagon générale de problémes de non-uniformité pendant le dépot-
dissolution qui sont liés a trois phénomenes a savoir le blocage de la réaction pendant la dissolution
par la passivation de la surface (décharge) et le dépot irrégulier du zinc (la croissance de dendrites) et
le dégagement parasite d'hydrogeéne pendant la recharge.

Pendant la décharge, la passivation se produit lorsque la décharge normale est limitée par la
formation d'un film isolant sur la surface de I'¢lectrode. La passivation se produit lorsque les ions
zincates atteignent leur concentration de saturation prés de la surface de I'¢lectrode et précipitent.
Ensuite, ils peuvent former des films compacts de sels de zinc, d'oxyde ou d'hydroxyde de zinc qui
recouvrent la surface de 1'électrode, bloquant les sites réactifs et résistant au processus de décharge
efficace.

Les dendrites sont définies comme l'arborisation formée par de fins cristaux.
Morphologiquement, les dendrites sont des protubérances métalliques acérées et en forme d'aiguilles.
Le dégagement d'hydrogeéne résulte intrinséquement d'un potentiel de réduction plus élevé de la
réaction de dégagement d'hydrogéne (-0,86 V) que celui de réduction du Zn (OH) 4>/ Zn (-1,2 V). 1l
est thermodynamiquement favorisé mais retardé pour des raisons cinétiques. Il s'agit d'une réaction
secondaire dans les batteries zinc-air.

Pour les problémes ci-dessus concernant la dissolution et le dépot du zinc, il existe différentes
approches pour y faire face comprenant des additifs dans 1'¢électrolyte ou dans I'électrode, des
revétements sur l'électrode, la modification des conditions hydrodynamiques, le changement dumode
de charge-décharge, etc. Les dendrites sont souvent liées a des gradients de concentration dans
1'¢lectrolyte ou a un trop fort appauvrissement en zinc a la surface des €électrodes. Les dendrites peuvent
générer des courts circuits dangereux dans la batterie ou en cassant, se déconnecter du circuit électrique

et provoquer la perte de matiere active dans la batterie.
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Les additifs inorganiques ou des molécules organiques peuvent servir a diminuer le taux de
transfert de masse des ions zinc et modifier le rapport entre réaction- diffusion. Les additifs organiques
sont souvent des tensioactifs amphiphiles. Ils peuvent étre divisés en trois groupes en fonction de leurs
caractéristiques ioniques. Leur fonction est de s'adsorber sur I'¢lectrode de zinc, en outre, de diminuer
son contact avec I'eau, par lequel la passivation et la corrosion de 1'anode pourraient étre supprimées.
Les additifs organiques dans I'¢lectrode sont généralement des polymeres, qui agissent normalement
comme liant dans les électrodes de zinc, offrant la structure stable. Cependant nous n’avons pas exploré
cette piste.

La circulation de I’électrolyte dans une batterie a flux pourrait éliminer les problémes de
gradients de concentration en renouvelant la solution a I’interface électrolyte-¢lectrode. L'électrolyte
qui s'écoule améliore le transfert de masse de 1'¢électrolyte, ce qui est avantageux pour supprimer la
croissance des dendrites. D'autre part, 1'électrolyte qui s'écoule peut aussi entrainer les ions zincates
formés pendant la décharge et éviter la passivation. Il peut aussi €éliminer I’hydrogéne formé sur
I’¢lectrode de zinc ou I’oxygene dégagé sur I'¢lectrode a air pendant la recharge de la batterie, ce qui
empécherait les bulles de gaz de bloquer les réactions et de réduire la zone réactive.

La batterie a flux peut donc présenter de multiples avantages qui compenseraient le coiit
énergétique de la pompe de circulation. De plus, d'un point de vue pratique, la batterie a flux pourrait
permettre d’augmenter la puissance d’une méme surface d’¢lectrode et diminuer le cofit initial d’une
batterie (plus petite mais plus puissante).

Dans notre travail expérimental nous nous sommes donc concentrés sur deux parties :

- L’effet de la circulation d’un électrolyte sur la croissance dendritique du zinc et la

génération d’hydrogene

- La fabrication de catalyseurs oxydes pour la réaction de réduction de I’oxygeéne pendant la

décharge d’une batterie.

Nous avons également cherché a mettre en action une électrode a air compléte avec des
empilements de couches hydrophiles et hydrophobes mais, faute de temps, cela n’a pu rester qu’une

¢bauche de travail offrant une perspective pour la suite de ce travail.

Etude des ¢lectrodes de zinc pendant le dépot (recharge de la batterie)

La littérature sur le dépdt électrochimique du zinc et les phénomenes de croissance dendritique
est abondante. Il est souvent difficile de comprendre quel paramétre joue sur la croissance dendritique
(conditions électrochimiques, temps de charge et apparitions de gradients etc). Il est aussi difficile de

comprendre I’intrication entre irrégularité du dépot et dégagement d’hydrogene car les deux



phénomenes sont fortement liés. La littérature académique travaille trés souvent dans un mode ou I’on
controle la réaction par le potentiel. Pour nous approcher d’un fonctionnement réel de I’emploi d’une
batterie nous avons plutdt employé le contrdle par courant, c’est-a-dire le mode galvanostatique. Nous
n’avons travaillé que dans des solutions alcalines parce que les ions zincates sont trés solubles. Ceci
¢limine en grande partie les phénomenes de passivation.

Pour les études de croissance dendritique, nous avons ¢élaboré deux configurations de
laboratoire. Dans le premier systéme, nous avons utilisé une géométrie confinée pour éliminer toute
convection et pour que la réaction soit contrdlée uniquement par la diffusion (configuration 1, Figure
0-1). Dans le second systéme au contraire, nous avons travaillé sous convection forcée avec un flux
d'¢lectrolyte (configuration 2, Figure 0-2). Les deux montages sont tous deux constitués de deux pieces

de zinc servant d'¢lectrodes symétriques.

Zinc plate

trodcie

Static case

I ———— i

——E T

Figure 0-1 : Configuration 1 pour le cas statique

Inlet of electrolyte Observing hale Dutlet of electrolyte
Flow case

Zinc plate Working electrode  Counter electrode

Figure 0-2 : Configuration 2 pour le cas d'écoulement

Avec le montage 1, les variables considérées sont la densité de courant variant de 1 a 40 mA
cm™, la présence de LiOH ou non dans 1'électrolyte, la concentration des ions zincate dans la solution
KOH de 0,1 M a 0,7 M, et le temps qui a varié sur plusieurs heures. On obtient les résultats et les
conclusions suivantes:

Pour une méme quantité de charge passée dans I’échantillon (soit Q = 1.t en coulomb), la densité
de courant plus ¢élevée donne des dépodts de zinc plus dispersés. Avec une densité de courant de 1 mA

cm?, les dépdts sont compacts avec peu de changement de forme de surface. A 10 mA cm™, il y a

8



apparition de dendrites avec des formes encore arrondies mais a 40 mA cm? les dépdts sont trés
dispersés avec des pointes plus acérées.

Les dendrites n’apparaissent pas immédiatement mais au bout d’un délai. Une concentration
plus faible de zincate dans I'¢lectrolyte donne plus rapidement des dépdts dendritiques. Ceci prouve
que les dendrites apparaissent bien suite a un épuisement des ions Zn a D’interface électrode -
¢lectrolyte. La variation du potentiel au cours de I'expérience de chronopotentiométrie est le résultat
des effets de polarisation, du dégagement d'hydrogene et du dépdt non uniforme. Le dégagement
d’'hydrogene est plus fort quand il y a une densité de courant plus faible et dans un électrolyte avec
une concentration de zincate plus faible.

La présence de LiOH dans 1'¢lectrolyte n'apporte pas d'effet clair sur le dépdt de zinc, comme
indiqué sur la Figure 0-3 et la Figure 0-4.

La circulation de I’électrolyte favorise évidemment la suppression de la croissance des
dendrites. Une densité de courant plus ¢élevée peut-étre appliquée avec un é€lectrolyte en flux. Le
dégagement de l'hydrogéne est plus facile en circulation. Finalement on peut constater que le

dégagement d’hydrogéne est plus fort dans les conditions ou il y a moins de dendrites.

TM KDH-
0.7M LIOH-
0.7 Zn0

T KIDH-
0L7M LIOH-
0.7\ En0D

TM KDH
0.7M Zn0

7MW KOH-
0.7M Zn0

Figure 0-3 : Evolution du dépot de zinc & 10 mA cm™ dans les électrolytes avec ou sans LiOH
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Figure 0-4 : Variation du potentiel avec processus de dépot a 10 mA cm™ et 40 mA cm dans les

¢lectrolytes avec ou sans LiOH



Avec plusieurs cycles de dépot-dissolution, 1’électrode de zinc devient de plus en plus
irréguliere. La croissance des dépots et leur dissolution est pourtant linéaire avec le temps sous charge

galvanostatique comme sous décharge.

Etude de formulation de catalyseurs pour une électrode a air

Du cété de ’électrode a air, les principaux défis sont d’augmenter l'activité catalytique et
I’assemblage ¢électrode. I1 faut générer une interface triple gaz- électrolyte- conducteur avec 1) I’arrivée
du gaz oxygéne au travers d’un systéme poreux mais qui ne doit pas étre noyé par 1’électrolyte et 2)
permettre le départ des ions formés dans 1’¢lectrolyte et 3) assurer la collecte des charges électriques
dans le solide.

La génération d’oxygene pendant la recharge c’est-a-dire la réaction d’évolution de 1’oxygene
(OER) est assez bien connue parce qu’elle est documentée dans les problémes d’¢lectrolyse de 1’eau.
On cherche encore de bons catalyseurs pour la réaction inverse de réduction de 1’oxygene (ORR). Dans
les batteries zinc-air primaires commerciales et les piles a combustible zinc-air rechargeables, le Pt /
C et le MnO; sont les catalyseurs les plus utilisés pour la réaction de réduction de 1’oxygene. Le
catalyseur a base de Pt pose le probléme d'une faible stabilité¢ dans 1'électrolyte alcalin concentré ;
l'activité catalytique du MnO est relativement faible.

Les métaux nobles pour la catalyse ORR et OER sont encore en développement ainsi que la
détermination de leurs mécanismes catalytiques. Les effets de taille accompagnés d'effets structurels
des perspectives micro et macro font l'objet de recherches approfondies et largement approfondies. Un
pool de catalyseurs a base de métaux nobles est congu et synthétisé selon des effets électroniques
spécifiques.

Les oxydes de métaux de transitions sont une alternative plus stable en milieu basique et
surtout moins couteuse. Mais il est difficile de controler 1'état d'oxydation et la steechiométrie d'oxydes
simples tels que les oxydes de cobalt ou de manganése lors de leur synthése et lors de leurs propriétés
¢lectrochimiques. La conductivité €lectronique est également importante pour optimiser des échanges
¢lectrochimiques. Ces oxydes simples ont une conductivité¢ essentiellement basée sur leur non-
stoechiométrie qui peut évoluer pendant les réactions chimiques et ils ne donnent pas de résultats
reproductibles en électrocatalyse

Les états €lectroniques et la conductivité des oxydes multiples semblent plus faciles a controler.
Leur conductivit¢ est facile a stabiliser par des substitutions chimiques dans des sites
cristallographiques bien déterminés. Les oxydes de pérovskite de formule ABO; sont en particulier

largement étudiés en tant que catalyseurs d'oxygene dans 1'électrode a air. A titre d'exemple, dans la
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structure ABOs, on peut faire une substitution aliovalente dans le site A (St2 * pour La® *), ce qui peut
modifier le remplissage des orbitales d du cation B sans créer de désordre dans le site B. Cela
transformera facilement le matériau d'isolant en métal. Ces métaux offrent une alternative bon marché
aux métaux précieux et leur surface contenant des oxydes est bien adaptée pour adsorber 1'oxygeéne.
Dans la littérature, les matériaux les plus ¢tudiés et peut-€tre les plus prometteurs sont LaMnOs,
LaCoOs, et LaNiOs. Surtout, le manganése (3d*, haut spin t »,°¢,') et le nickel (3d” bas spin, t 2,°¢,')
sont intéressants car bon marché (par rapport au cobalt) et ils donnent facilement de bonnes phases
conductrices lors du dopage (manganése dans LaixSrxMnO3z, LSMO) ou méme sans dopage (nickel
dans LaNiO3).

Nous avons donc entrepris une étude de ces pérovskites dans le but de coupler une étude
cristallochimique et microstructurale avec les propriétés d’¢lectrocatalyse.

Notre synthese de pérovskites de nickel avec une surface spécifique élevée par des techniques
de solution n'a pas ¢été aussi réussie et reproductible car nous ne pouvions pas obtenir de matériaux
monophasés. Nous nous sommes donc concentrés plus particulierement sur le systtme LSMO. De
plus, sa synthése est bien connue, de sorte que I'on peut utiliser des poudres reproductibles pour étudier
la formulation d'encres et 1'assemblage d'électrodes.

L'oxyde mixte de lanthane et de manganése dopé au strontium a été synthétisé par deux
méthodes différentes : un processus de solution de citrate polymére et un processus decoprécipitation
de carbonate. Apres syntheése et caractérisation des poudres, des études électrochimiques ont été
menées avec une ¢lectrode a disque rotatif. Nous nous sommes concentrés sur l'effet de substitution
du strontium dans le systéeme La;xSrxMnQO3 car, en conclusion de I'é¢tude de la littérature, son activité
est correcte et le manganese est bon marché et non toxique.

Nous avons adapté une méthode de synthése par voie citrate. Dans notre travail, des acétates
au lieu de nitrates ont été utilisés pour éviter 1'explosion causée par la réaction trés exothermique des
nitrates avec des matieres organiques lors de la calcination a haute température. Le mélange avec de
I’acide citrique donne une résine polymérique apres chauffage a 150°C. Les ions sont intimement
mélangés a I’échelle moléculaire et retenus de fagon homogene par les liaisons avec les citrates.

Nous avons également utilis¢é une méthode alternative de synthése par coprécipitation de
solution de nitrates de La, Sr Mn avec de I’hydrogénocarbonate d'ammonium en exces. Dans les deux
méthodes (citrates, carbonates), les poudres obtenues par séchage a basse température, ont été
homogénéisées par broyage et calcinées 4 h dans une atmosphere d'oxygene a 500 ° C, 700 ° C, 900 °
Cet 1100 ° C. Les effets de la substitution du strontium, la température de calcination, le processus de

synthese et 1'atmosphere de calcination ont été comparés et discutés en détail.
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La calcination a 500 ° C donne des matériaux oxydes amorphes a la fois dans le processus de
coprécipitation ou dans le processus de solution de citrate. Le fait qu'un matériau amorphe soit obtenu
au lieu d’oxydes simples cristallisés indique un bon mélange des différents ¢léments par la chimie en
solution qui empéche la séparation de phase et la cristallisation d'oxydes simples. La méthode au citrate
donne la pérovskite pure a partir de 700 ° C alors que pour le procédé de coprécipitation au carbonate,
le matériau obtenu a 700 ° C est toujours un systéme multiphas¢. Dans ce cas, la pérovskiten'apparait
comme phase majoritaire qu’au-dessus de 900 ° C. Les phases obtenues a 700°C par la voie citrate
présentent une surface spécifique relativement élevée de 20-30 m?/g. Ceci est un bon résultat compte
tenu de la densité du composé LSMO.

Nous avons dii beaucoup travailler la formulation d’électrodes pour obtenir des résultats
reproductibles en ¢électrochimie. Pour effectuer les mesures, une suspension contenant du catalyseur,
du carbone et du liant est déposée par goutte a la pointe de I'¢lectrode tournante. Une fois le solvant
évaporé, une couche catalytique est formée et fixée sur I'électrode en carbone vitreux. Le role principal
du matériau carboné mélangé au catalyseur est d'améliorer la conductivité et de disperser le catalyseur,

tout en ayant également un effet catalytique sur I'ORR.
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Figure 0-5 : Courbes de voltampérométrie cyclique d’un échantillon de LSMO avec différentes concentrations
d’oxygene.

Nous avons donc successivement optimisé les rapports catalyseur/carbone/liant polymere.

Nous avons aussi optimisé 1’épaisseur de 1’électrode en jouant sur la taille des gouttes déposées sur
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I’¢électrode tournante en carbone vitreux. Les expériences ont été effectuées dans un électrolyte dilué
de concentration 0,3 M KOH.

Pour l'optimisation de la formulation de l'encre, une sélection appropriée du matériau de
carbone, de la composition du matériau, du volume de goutte sur le disque peut étre décidée. Trop de
catalyseur ou de matériau carboné augmente l'effet capacitif qui géne I’observation du phénomene de
réduction de I’oxygene.

Le premier cycle de balayage en potentiel effectué sur des encres LSMO est toujours différent
des scans suivants en raison de I'état d'origine de I'électrode. La vitesse de balayage de 10 mV s et la
maniére de normaliser la densité de courant ont été rationalisées.

Pour les catalyseurs synthétisés a partir de différents procédés, ceux calcinés dans 1'oxygene
présentent une activité ORR plus élevée que ceux calcinés dans I'air. Ceci est probablement lié a une
composition en oxygene plus €élevée qui donne une meilleure conductivité électronique. La voie citrate
ayant permis obtenir des structures mieux cristallisées avec moins d'impuretés donne également de
meilleures performances pour l'activité ORR. La température de calcination génére une différence
¢évidente dans la surface. La calcination a 800 - 900 ° C apparait comme un bon compromis entre une
bonne activité liée a une bonne cristallinité et une bonne surface spécifique.

Pour I’effet du dopage, le dopage au strontium avec un rapport atomique de 0,3 au lanthane
(c'est-a-dire Lao.7Sr03MnO3) montre la meilleure activité catalytique méme si 1’effet n’est pas tres
important.

Toutes ces ¢tudes de formulations réalisées pour 1'électrode a disque rotatif et 1'optimisation
des ¢études analytiques ont pu étre utilisées pour la formulation de véritables assemblages d'¢lectrodes
a air que nous avons montré dans la partie finale de notre travail.

Deux procédés de formulation de I'électrode a air ont été présentés. Ils différent par 1’utilisation
du liant polymere hydrophobe. Nous avons utilisé des dispersions aqueuses de polytetrafluoroethyléne
(CF2-CF2)n ( PTFE en dispersion 60% dans l'eau désionisée, Sigma-Aldrich) selon une méthode
couramment employée pour la fabrication des batteries Zn-air. Mais nous avons aussi testé une
méthode utilisant du polyvinylidénedifluorure (CH»-CF»), (le PVDF-HFP, Sigma-Aldrich, Mw moyen
~ 455000) qui est couramment utilis¢ comme liant dans la technologie des batteries lithium-ion. Le
rapport carbone/catalyseur/liant détermine le degré d’hydrophobie des membranes. Différentes
quantités de liants ont été utilisées pour réaliser des couches hydrophiles (couche catalytique
permettant I’accés de 1’¢lectrolyte) et hydrophobes (gaz diffusion layer poreux permettant I’acces du
gaz mais repoussant 1’¢lectrolyte).

Une batterie entiere a ét¢ montée et sa performance de charge-décharge a été effectuée. Par

rapport a la littérature, notre utilisation de PVDF-HFP est originale et a permis de monter une
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faisabilit¢ d’une batterie complete basée sur une telle technologie. Notre batterie a fonctionné sur
quelques cycles avec cependant une forte différence entre le potentiel de charge (1,9 V) et de décharge
(1,4V). La réalisation d’autres batteries complétes en vraie géométrie d’application réelle n’a pas pu
étre effectuée faute de temps mais il est vrai qu’elle reléve plus de travaux d’ingénierie que de

recherche fondamentale.
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Figure 0-6 : Schéma et photographie de notre assemblage d’¢lectrode a air. Photographie

d’une batterie Zn-O> compléte, cycles de charge- décharge a différents courants.

En conclusion de ce travail notre apport aura consisté a développer des formulation d’¢lectrodes
permettant d’obtenir des expériences répétables et de comparer des catalyseurs pour la réaction de
réduction de I’oxygene. La projection de ces formulations vers la réalisation d’électrodes complétes

de batteries Zinc-air a également pu étre démontrée.
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General introduction

Energy storage is becoming an alternative for sustainable development in the world, of which
battery technology is a feasible approach. Many new batteries are showing up to replace or assist
conventional batteries applied for energy storage, especially the metal-air batteries due to their
availability, reversibility, and sustainability. Zinc-air battery is superior owing to the steady chemical-
physical properties, the abundant deposit of zinc and the high theoretical energy density. This work
will focus on the zinc-air full battery fabrication. Flowing electrolyte is adopted to suppress dendrite
growth and enhance the overall performance of the whole battery. Based on the above, this work will
expand to three parts.

In chapter 1, the importance of the zinc-air flow battery will be highlighted. The very initial
background of zinc-air battery and its role in the energy storage systems will be emphasized. Further
the challenges and new developments will also be mentioned. Our goal is therefore to give a little
contribution to its development and commercialization.

In chapter 2, the detailed issues related to zinc electrode will be introduced including the
detrimental aspects and the corresponding solutions. The study about zinc electrodeposition will also
be investigated. The effect of flowing electrolyte and the interference with hydrogen evolution will be
discussed.

In chapter 3, the catalyst for oxygen reduction reaction (ORR), oxygen evolution reaction
(OER), and their catalytic mechanism will be reviewed. The ORR catalyst perovskite oxides will be
detailed in this scope including the synthesis and kinetic studies. Different synthesis methods will be
compared to synthesize the same perovskite LaixSrxMnO3 (LSMO). The systematic work about a
series of catalysts will be expanded from the characterization to electrocatalysis kinetic analysis using
cyclic voltammetry (CV). A normalization alternative for providing the reliability of comparative
metric of catalytic activity for ORR will be put forwards. Last a trial for the air electrode formulation
and full zinc-air flow battery processing will be presented. Two types of air electrode formulation will

be tried, and the composition of the electrode will be optimized. A cycling test will be presented.
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Chapter 1  Role of battery in energy

storage systems

1.1. Energy storage systems

Energy demanding and environmental pollution have emerged gradually to be urgent issues
worldwide. The deposit of traditional fossil fuel is predicted to be exhausted in 50 years and its
combustion generates severe atmosphere contamination. Global energy structure will be followed to
change or adjust soon with its running out, especially in the countries, which are depending a lot on
the traditional fuels to satisfy the energy demand. The worldwide demand of electricity will double in
2050 [1]. Efforts to find new energy resources and renewable energy alternatives are crucial and
enormous. Renewable energy like hydro, solar, wind energy, etc. is applied to address the problem.
Renewable energy has been deemed as very important strategy in the global blueprint. Figure 1-1
shows the growth of renewable energy capacity in different regions or countries [2]. Despite the
emphasis on renewable energy resources, energy storage system is also required to avoid waste from
unbalanced renewable energy distribution and the half-load situation. Storage of electricity energy
cannot sustain, so conversion into other forms of energy (e.g., gravitational, adiabatic, mechanical,
chemical, thermal, magnetic, etc.) is necessary and their application is effective [3]. Energy storage
technologies are also kept refreshed in pace with renewable energy resources application. The reliable

energy storage system is depicted in Figure 1-2.
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Renewable capacity growth by country/region, 2018-2024
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Figure 1-1 : Renewable capacity growth by country/region, 2018-2024 [2]
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Figure 1-2 : Schematic of reliable energy storage system [4]
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Renewable energies, despite their advantages of being clean and unlimited, they face the
difficulty of integrating into power grid, especially in adjusting the different demands in different
periods, because their utilization depends on some uncontrollable elements like weather condition and
climate change. Some unsuited situations would happen that the net supply cannot satisfy the midday’s
demand, while much energy generated remains unused and wasted in the morning and evening. To
ameliorate the energy efficiency and economic benefits, hybrid energy systems which realize
combination of different energy sources, seek a way to complement the situation. Energy storage
systems (ESS) are highlighted in the role of improving the integration of renewable energy resources
into the power grid because they can manage flexible load shift.

The common ESS are generally categorized into 6 types according to the involved energy type.
Currently, mechanical energy storage includes pumped hydro storage (PHS), compressed air energy
storage (CAES) and flywheel energy storage (FES). PHS utilizes the gravity potential energy of water
to supply electricity. Fallen water carrying high energy rotates the turbines to fulfill electricity
demands. Its storage capacity depends on the height of the waterfall and the volume of the water. The
conversion efficiency can be 65%-80% [5]. CAES stores compressed air with the electricity during
off-peak hours and the air with high pressure activates turbines to generate electricity during peak
hours. The energy efficiency is estimated to be around 70% [5]. FES transfers the kinetic energy into
electricity. Thermal energy storage involves conversion between heat energy and electricity. Two
types of heat, sensible and latent heat are used. The former undergoes temperature change, while the
latter has also phase change. Electromagnetic storage system contains supercapacitors and
superconducting magnetic energy storage (SMES). Supercapacitor shares the properties of capacitor
and battery, except that no chemical reactions are involved. They can achieve 95% of energy efficiency
while the main defect is self-discharge and very low energy density [5]. Superconducting magnetic
energy storage operates at extreme low temperature around -270 °C and completes electricity (DC
current) and magnetic energy conversion. The efficiency is superior, and response is quite quick, but
it is a costly technology. The main characteristic of chemical energy storage is utilizing hydrogen,
natural gas, or other combustible gas as medium for energy conversion. Hydrogen is often synthesized
from water electrolysis. Hydrogen can also be reacted into natural gas. When energy is required, the
medium will be oxidized further to supply electricity. Electrochemical reactions only occur in
obtaining hydrogen but not direct for electricity, which is different from the electrochemical storage
system that only secondary batteries are referred. The detailed types of energy storage systems are
listed in Figure 1-3.

Finally, electrochemical energy storage is probably not the best method considering the energy

conversion efficiency or the cost per stored kWh. But in the state of the art, it proves to be the most
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versatile method that can be installed anywhere with systems of any size. Of course, this will be the

topic of the next chapters.
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Figure 1-3 : Constitutes of energy storage systems

1.2.  Battery technology

Battery energy storage system is the most widely adopted and earliest technology. In addition
to the chemical energy conversion system, the batteries-based energy storage systems also consist of
the battery management system (BMS), the power conditioning system (PCS), and the energy
management system (EMS), which are schematically shown as Figure 1-4 [6]. The BMS is responsible
for monitoring the operational performance of the batteries, including the voltage, whether they are
over-discharged, the temperature etc. The PCS most aims to deliver a voltage of the proper level and
characteristics to achieve proper function of load equipment, especially the inversion function that
enable the conversion between AC and DC electric energy. The EMS gathers several components
including supervisory control and data acquisition system, automatic generation control system, state
estimator system, security analysis system, economic dispatch control system, and dispatcher training
system together to ensure the comprehensive cooperation [7].

Even though electrical energy storage cannot wipe out all the issues, it can play a vital role in
improving the grid reliability and utilization. They have the structural advantage to be constructed and
installed conveniently in the grid energy storage systems [6]. They can generate power with the range
of few Watts to several Mega-Watts. The efficiency varies from 60% to 90% depending on their

operation and type of battery [8]. Batteries are composed of serial-parallel assembled cells, where-in
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conversion between chemical energy and electrical energy is the main motion for energy storage [1].
Surplus energy can be stored for later use during this conversion, a process with charging and
discharging. The targeted voltage and current that the grid offer can be obtained by adjusting the
quantities and arrangement of cells. The response is sensitive, and the operation is controllable. It will

show more cost advantage with the development of battery technology [9].
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Figure 1-4 : Schematic of batteries-based energy storage systems [6]

Due to its outstanding advantages, battery energy storage system (BESS) plays a vital role in
all the ESS. Figure 1-5 shows the structures of four different ESSs integrating BESS. This
categorization is based on the BESS sizing criteria that from (a) to (d), the size becomes bigger. There
have been many grid-level battery energy storage systems around the world, either under operation or
contracted state [6]. With the rapid cost drop of battery technology owing to the fast development of
electric vehicles, BESS shows more and more superiority. The installed capacity of battery storage is
comparable with the open-cycle gas turbines in India by 2020. If the cost of battery becomes very
cheap, it is estimated that the share of battery energy will dominate the renewable energy storage

systems [10].
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Figure 1-5 : The structures of four categories of energy storage system: (a)distributed renewable energy
system (b) microgrid (c) standalone hybrid renewable energy system (d) renewable energy power plant [11]

1.2.1. Conventional batteries

Figure 1-6 presents the proportions of the mixed energy storage technologies during 2011-2016

[12]. Traditional batteries like lead acid battery have a long history of more than 150 years. Lithium-
ion battery is much younger with only 30 years since appearance. They account for most proportion in
the commercial rechargeable battery market. The positive electrode material of lead acid battery is
lead dioxide and the negative material is spongy lead, with a micro-porous separator saturated by the
electrolyte of aqueous sulfuric acid. The standard voltage can reach to 2.05 V and can obtain the
specific energy density of near 50 Wh-kg™! [13]. In the early XXI century, the lead battery outweighed
in the aspects of cost and sustainability, because the shell of the lead-acid batteries are easy to be
recycled with low energy input [13]. But in areas of energy density and durability, it is in the shadow
of lithtum-ion batteries. Indeed, lithium ion batteries have higher applied energy density (300 — 500
Wh-kg!), nearly 8 times that of lead acid battery, and storage efficiency of nearly 100% [14].
Noteworthy is that the lifespan of lithium-ion batteries is much longer (5000 cycles in stationary
applications), which makes it on roads to power equipment application [1]. The price of a lithium-ion
battery became very low is now 150 $ kWh! (in 2019) half that of a lead acid battery and it can make
at least 5 to 10 times more cycles. This explains that it is the battery widely used in the present times.
Other commercial batteries, like sodium-sulfur battery firstly discovered in 1983 and

commercialized since 2002 in Japan [8], sodium-nickel chloride battery applied in electronic vehicles

22



but not in power grid, nickel-cadmium battery, and flow battery, though not as widely applied as the
above two because of rigid operation condition like high temperature, or expensive cost, or
environmental pollution, they show outstanding durability. The flow batteries can be traced back to
1960s. After a decade, there appeared numerous types e.g., Fe/Cr, V/Br, Br/polysulfide, Zn/Ce, Zn/Br,
and all-vanadium redox flow batteries. Because the circulated aqueous electrolyte has the limited

concentration of 8 M, the energy density of flow batteries is less than 25 Wh-kg! [1].
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Figure 1-6 : Technology mix in storage installations excluding pumped hydro, 2011-2016 [12]

It is hard to find the trade-off between the technological performance and market interest within
the commercial batteries mentioned above. Metal-air batteries and flow batteries have sought a way to
balance the two aspects, which means to decrease the cost and increase the performance at the same
time. Recent works have shown that the cost for electrochemical energy storage should be less than 20
$ kWh'! (with at least 20000 cycles) to make renewable electricity less expensive than nuclear
electricity which, in the state of art is the cheapest mode of electricity production [15]. However, the
less expensive batteries in the state of art are lithium-ion batteries with a cost around 150 $ kWh! in
2019. Some strong effort is thus necessary to invent the battery able to store electricity at such low

cost.
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1.2.2. Metal-air batteries

Demanding for clean energy stimulates the prosperous development of electric vehicles (EV).
High specific energy (unit of Wh kg™!) and high specific power (unit of W kg!) are required toensure
long driven miles and high acceleration rate for hill climbing capacity, respectively [16]. The most
widely used conventional rechargeable battery lead acid batteries are very limited by their low energy
density. Nowadays the most popular batteries are lithium-ion batteries. Compared to gasoline as the
fuel to generate power with a practical energy density of 1700 Wh kg™! [17], lithium-ion batteries have
a maximum energy density of up to 300 Wh kg™! by far, which is way lower than that ofgasoline.

Metal-air batteries have received much attention because of their theoretical high energy
density and low cost. Since an earlier age in 1878, zinc-air battery had been realized in lab research by
Leclanché. Continuous studies are implemented to improve the electrochemical performance to
accomplish commercial applications. The first air electrode was commercialized in the 1930s patented
by Heise and Schumacher [18], after which aluminum-air, magnesium-air, iron-air were invented in
1960s. Following the appearance of lithium-ion battery in 1980, lithium-air was firstly put forward in
1996. When it came to XXI century, sodium-air and potassium-air also joined the lab-research world
[19]. The schematic of metal-air battery is shown in Figure 1-7. Commonly, it has a liquid-gas-solid
(catalyst) interface in the air electrode. The first main group element-based metal-air batteries often
use an aprotic electrolyte (made of any organic liquid able to solvate corresponding metal salts); the

others use alkaline or saline aqueous electrolytes.
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Figure 1-7 : Schematic of metal-air battery with (a) aqueous and (b) non aqueous electrolyte [20]

Lithium-air battery, magnesium-air battery, aluminum-air battery, and zinc-air battery are
widely researched in the lab, they also gradually take a place in the commercial application, especially
in the electronic vehicle industry and smart power grid. The characteristic data of metal-oxygen cells
is listed in Table 1-1. The specific capacity or specific energy are calculated in the basis of metal anode,

while in practical cases, added the mass of electrolyte with different compositions and current
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collectors, membrane of separator, and package materials, the real specific capacity or energy should

be reduced by 20-30% [21].

Table 1-1 : Characteristic data of metal-oxygen cells [22]

Metal Theoretical Theoretical Practical Theoretical specific
anode specific capacity  cell voltage operating  energy of metal
of metal/(Ah-kg') with Oz voltage/(V) oxygen
electrode/(V) couple/(Wh-kg™)
Li 3861 33 24 12741
Mg 2205 3.1 1.4 6837
Al 2980 2.7 1.6 8046
Zn 820 1.6 1.1 1312
Fe 960 1.3 1.0 1248
Cd 478 1.2 0.9 572

Lithium-air battery was proposed early, but it attracted little attention because of its inherent
instability while contact with air and hydrous electrolyte. According to the electrolyte applied, the
lithium-air batteries have four types: aprotic/non-aqueous, aqueous, hybrid aprotic-aqueous, and solid.
The aprotic electrolyte contains lithium salts like LiPFg, LiAsFes, LiSO3CF; in organic solvent such as
organic carbonates, ethers, and esters, which is from the reference of lithium-ion batteries [23-25]. The
aqueous type is lithium salts dissolved in water, where an artificial solid electrolytic interface (SEI)is
required [26] to protect from the direct reaction of lithium with water. Different from aqueous
electrolytes, a protecting SEI is spontaneously formed in aprotic electrolytes [27]. The hybrid
electrolytes are used to avoid cathode clogging and moisture problems, aprotic electrolyte is in contact
with anode [28-30]. Solid electrolyte is often a polymer, a ceramic, or a glass, which ensures high
thermal stability and rechargeability [31, 32].

Compared to lithium-air batteries, the zinc-air batteries show less potential decay when
discharging at a constant current density of 50-100 mA-cm 2[33]. Zinc metal is also a common metal
already used in secondary batteries, like zinc-bromide, zinc-cerium, and zinc ferro-ferricyanide
batteries [34]. Aqueous and solid electrolytes are commonly used in zinc-air batteries, of which
alkaline aqueous electrolyte is the most widely applied, while aprotic electrolyte is seldom utilized in
zinc-air batteries [35]. There are various anode forms, porous zinc, zinc foil, filamentous zinc, zinc
alloy etc. [36, 37]. Magnesium-air battery though has high theoretical voltage and energy density
comparable to lithium-air battery; it faces the difficulty in undergoing reduction reaction effectively,

which would result in self-charging and low coulombic efficiency [38]. Magnesium plate is used as
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anode conventionally, and there are many drawbacks such as thermal instability from self-discharge,
formation of passivating film from dissolution and deposition cycles [17], modified magnesium
nanoparticles and magnesium alloys are reported to be more rechargeable and have longer cycle life
[39-41]. Electrolyte for magnesium-air battery is often acidic or neutral, e.g. NaCl, KHCO3, NH4NOs3,
NaNOs3, NaNO», Na;SO4, MgClz, MgBr2, and Mg(ClO4), [42].

Aluminum-air battery and zinc-air battery have also attracted much attention for their
theoretical specific energy, as high as 8100 Wh-kg! and 1300 Wh-kg!, respectively, though the
rechargeable aluminum-air battery is much harder to obtain than the zinc-air battery because aluminum
easily reacts with oxygen and forms hydrated aluminum oxide [43]. Either salt solution or alkaline
solution can be the choices of electrolyte for aluminum-air batteries [44]. Efforts are also made on
aluminum alloys and gelled electrolytes to improve the battery performance [17]. Zinc is stable and
active to be reduced. It is tougher than the other metals to stand in highly corrosive electrolytes. Zinc-
air battery could exhibit 6-9 times energy efficiency that of aluminum-air battery [45, 46]. Iron-air
batteries have high possibility to be rechargeable, while they face the problem of rather low energy
density of only 60-80 Wh kg™ even though their cyclability (> 1000 cycles) is agreeable [20].

Overall, zinc-air battery is the most promising metal-air battery technology though requires a
further improvement. Besides, zinc-air batteries have a cost efficiencythat would reach the goal of 20

$ kWh'!, much cheaper than Li-ion batteries [19].

Table 1-2 : Components of common metal-air batteries

Battery type | Anode Cathode Electrolyte State-of-art battery
performance
Lithium-air | Lithium Carbon -aprotic electrolyte | Co304/GR composite
metal supported -aqueous acting as bi-functional
(with or electrolyte catalyst, operating for
without -hybrid electrolyte | 80 h, a round-trip
catalyst) -solid electrolyte efficiency of 83% [30]
Magnesium- | -magnesium | -with -aqueous SmMn;0s-s nanocrystal
air metal aqueous electrolyte 101 mW cm?, 1770
-magnesium | electrolyte | neutral salt solution | mAh g with durability
alloy carbon acidic solution (~115 h) [47]
material, -solid electrolyte
Aluminum- | -aluminum catalyst, and | -aqueous Peak power density up
air metal hydrophobic | electrolyte to 545 mW cm?,
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-aluminum

alloy

Zinc-air

-zinc metal
-zinc alloy
-other metals
if electrolyte
contains

zincate ions

[49]

polymer
material
-with solid

electrolyte

neutral salt solution
alkaline solution

-solid electrolyte

energy efficiency of
42.6% with a flow
alkaline electrolyte [48]

-aqueous alkaline
electrolyte

-solid electrolyte

109.6 mW cm™ using
Co-Nx-C bi-functional
catalyst [50]

1.3.

Zinc-air battery has been involved in long-time development, which can be dated back to 1878.
It is also a starting point for all the batteries working with air electrode. The first commercial primary
zinc-air batteries were fabricated in 1932. A 20 wt. % NaOH aqueous electrolyte was used, and the

current density was 7 - 10 mA cm, this value increased by tenfold in 1960s. In 1995, zinc-air batteries

started to be applied in EV.

Larger scale application of zinc-air battery is undergoing, especially in microgrid. The initial
rechargeable zinc-air batteries, technically speaking, are fuel cells, which introduce zinc slurry from
time to time, and zinc is recovered outside of battery. Efforts on more robust rechargeable zinc-air
batteries have never stopped. Companies such as EnZinc (formal CarV3), EDF, EOS Energy Storage,
ZAF Energy Systems, NantEnergy (formal Fluidic Energy), ZnR Batteries (EDF filial) have made

Zinc-air battery

many progresses in designing and manufacturing rechargeable zinc-based/air batteries [34].
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Figure 1-8 : Timeline of development of zinc-air battery

Zinc air battery mainly has four parts, namely a zinc electrode (negative electrode and anode
while discharging), an air electrode (positive electrode and cathode while discharging), an electrolyte
and a separator. The oxidation state of zinc is various and depends on the pH of the electrolyte. When
the pH is low, the products could be Zn*" and when the pH is high, the products could be Zn(OH),*¥
at pH = 9.3-12.3 (normally, y= 0-4) and Zn(OH)4> at pH > 13 [51, 52]. Alkaline electrolyte has been
widely used, though a few neutral aqueous electrolytes and some new types of solid-state electrolyte
or ionic liquid electrolyte are also applicable in zinc-air battery system from the consideration of
inhibiting formation of inactive carbonates, reducing zinc dendrite growth, enhancing the mechanical
strength etc.[53-57]. LiOH, NaOH, KOH are three common electrolytes used in both labresearch and
industrial applications. Hydroxide ions are the mediums for electron transfers, which can be seen from
the two electrode reactions as below:

Air electrode reaction during discharge:

Equation 1-1:1 O +H O+ 2e-=20H- 04V
2 2

N| -

Zinc electrode reaction during discharge:

Equation 1-2: Zn+4 OH- =Zn(OH)% +2e- -1.2V
When the battery is discharging, zinc releases electrons then combines with hydroxide ions to

form zincate ions. If zincate ions reach their saturation solubility, they decompose to zinc oxide, water,

and hydroxide ion.
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Equation 1-3 : Zn(OH)2~ = Zn0 + H,0 + 2 OH-

Oxygen in air accepts the electrons conducted from the exterior cycle and reacts with water to
produce hydroxide ion. Hydroxide ions would migrate from the electrode where they are generated to

the other electrode through the interior electrolyte. The schematic is depicted in Figure 1-9.

Zn(OH)>

Figure 1-9 : Principle of zinc-air battery [58]
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Basic components of zinc-air battery

1.3.1.1. The separator

The separator permits migration of hydroxide ions but hinders the crossing of zincate ions,
because zincate ions may precipitate as zinc oxide on the active sites of catalyst on air electrode, which
would bring about impairment to catalyst [57]. Besides, the separator plays the main role to physically
separate the two electrodes from contacting with each other in avoidance of short-circuit. They are
often ion permeable membranes which are expensive because of their fine structures, accounting for
40% of the whole capital cost in a battery system. Considering the cost efficiency, membrane-less
batteries are preferred. The separator could be removed under the condition that the active materials
of both electrodes co-exist in the electrolyte with minimum loss from self-discharge.

In certain circumstances, zinc-based flow batteries can be designed into a membrane-less
configuration as long as that the reactions involve pure solid state transformations, or limited
dissolution of the reaction products [59]. As the work of P. K. Leung [60] who proposed a battery

installing zinc and para-benzoquinone as the active materials of two electrodes.
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1.3.1.2.  Electrolyte

The Pourbaix diagram of Zinc is shown in Figure 1-10. The solubility of zinc is high in acidic
pH as well as in basic pH. Over the whole range of pH, the hydrogen evolution may also occur. No
surface oxide is steady in the purple zone in Figure 1-10 between two dashed red lines characteristic
of the water stability zone. Although oxide films may appear in this pH range, they are porous and not
passivating, namely not steady. When pH is around 8-11, as shown in the yellow zone, oxide and
hydroxide are the stable forms. In this range, the solubility of zinc also strongly decreases. It again
increases above pH = 13, since oxide and hydroxide can be dissolved in this strong alkaline

environment to form Zn(OH)4>" or Zn(OH)3", and the solubility increases again with pH [34,61].
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Figure 1-10 : Pourbaix diagram of zinc in alkaline electrolyte at 25°C [52]

Therefore, except few examples of acidic electrolytes, which were proposed to restrain
carbonate precipitation on the cathode and zinc dendrite formation on the anode. While it has the
sacrifice of severe corrosive problems because the transition metals especially Mn, Co, Fe are unstable
in the acidic chemical conditions [62], alkaline electrolytes are mostly used in the zinc-air batteries.
NaOH and KOH solutions are quite often the choices, of which KOH is preferable in terms of the
activity of both zinc and air electrodes because it has lower viscosity, higher ionic conductivity (the
ionic conductivity of K is 73.51 S-cm? mol!, Na* is 50.11 S-cm? mol’!, and Li" is 38.71 S-cm?mol"
1) and higher oxygen diffusion coefficient. The solution with KOH concentration of 6-7 M (26-30
wt.%) is evidenced to provide highest conductivity of around 640 mS cm™ at 25°C [63]. 9 M (37 wt.%)
KOH is also frequently adopted in preference of low corrosion gassing [46]. There appear some new
forms of electrolytes like solid and gel alkaline electrolyte for the sake of avoiding leakage or
evaporation of water [64-66]. The properties and performance of KOH in perspective to its mass ratio
are shown in Figure 1-11. Compared to NaOH and KOH, LiOH is less reported as electrolyte in the

zinc-air batteries because of the lower solubility of LiOH and higher price as compared to KOH.
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However, in the rechargeable nickel zinc batteries, LiOH can be added as an additive in the KOH
alkaline electrolyte. It is reported that Li" can suppress the oxygen evolution in convenience of NIOOH
recharge [66]. The presence of LiOH is also believed to be helpful for zinc electrode, from the aspect

of stabilizing supersaturated zincate ions, and therefore depress the passivation effects [67].
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Figure 1-11 : Performance and properties of alkaline electrolytes as function of KOH concentration [52]

1.3.1.3.  Catalysts and positive electrode

In the commercialized primary zinc-air batteries, Pt is the active catalyst for oxygen reduction
reaction (ORR). While in strong alkaline electrolytes, hydroxide species are prone to cover on the Pt
surface, which suppresses its catalytic activity [68]. Transition metals are widely utilized as ORR
catalysts, some of them are reported to have better activity or stability than the reference Pt [69]. From
the standpoint of rechargeable zinc-air battery, the inverse reaction of ORR, oxygen evolution reaction
(OER) is also quite important to realize. Bi-functional oxygen electrocatalysts are pursued to fulfill
the realization. Transition metal-based or metal-free bi-functional catalysts are synthesized. Catalysts
with superior ORR and OER catalytic performance respectively are combined in one electrode, acting
for their part in the charge-discharge cycles separately. Besides, the battery structure is another
alternative. Two-electrode structure or tri-electrodes ensures ORR and OER occurs at different
electrodes, which avoids the problem of catalyst destabilization and peeling off by evolved oxygen.

In the following chapters 2 and 3, more will be focused on the zinc electrode and the different
catalysts for Oxygen reduction (ORR) and discuss the mechanisms. In most applications nickel has

been used as the cheapest compromise for OER (recharge of the battery) between cost and efficiency.

1.3.2. Challenges of zinc-air battery

Though zinc-air batteries have been broadly and deeply researched and developed for near a

century, they are applied within a small scale for now. The application reaches only in the regime of
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primary battery, such as hearing aids and electronic devices [70]. Various challenges surround its
development into rechargeable batteries. The impedance is not about the possibility but the scaling-up
which should take multifarious parameters e.g., cost, efficiency, safety etc. into consideration. Though
hard situation for scaling, there were many sporadic real exemplifications of electronic vehicles driven
by zinc-air batteries, as well as smart grid based on battery energy storage. EOS Energy Storage had
established the storage grid scaled by 1 MW/4 MWh zinc-air battery with a cost of 160 US$ kWh'!.
Fluidic Energy has fulfilled 6 years’ reliable operation of the zinc-air battery storage system, with two
times longer life span than lead acid battery and less energy cost. Except for the achieved
accomplishment, more and more enterprises join to work on a carbon-free smart grid [71]. The
improvement in durability and efficiency of zinc-air batteries develops not only from the advancement
of the two electrodes, but also focusing on the design of the cell structure [46]. The tapered-end
structure has been proved both experimentally and computationally to eliminate clogging problems

[72].

1.3.2.1.  Dissolution of zincate ions
Concerning secondary battery application, reversible dissolution-redeposition of the zinc
electrode is required. If there is a consensus on the final dissolution product Zn(OH)4>, discrepancy
still lies in zinc anodic dissolution mechanism as presented in Figure 1-12. The differences relates to

the dissolved products, the intermediates, the absorption, and the states of solvation [52].
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Figure 1-12 : Proposed mechanisms for zinc dissolution [52]
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Considering different measuring techniques (galvanostatic method, potentiostatic method,
single-pulse, double-pulse etc.), experimental conditions (different zinc electrode, setup etc.) in
different articles, some discrepancies exist in the value of exchange current, the relationship between
the exchange current density and the electrolyte composition, especially the zincate, thus resulting in
different reaction orders and mechanisms. Dirkse and Hampson [73-75] adopted different methods
obtained accordingly that the exchange current density is independent on zincate concentration in KOH
electrolyte, though with distinct values of exchange current densities. Contrary to Dirkse and
Hampson, Bockris et al. [76], Hendrikx et al. [77] and Muralidharan et al. [78] insisted that
concentration of zincate is relative to the exchange current density, and obtaining different reaction
orders from that of Dirkse and Hampson. Chang and Prentice [79, 80] put forward a similar mechanism
to that of Bockris, while they deemed one rate-determining step (from ZnOH directly to Zn(OH)3")
which in Bockris’ mechanism was divided into two steps (ZnOH firstly formed to Zn(OH).", then to
Zn(OH)3"), was rate-determining. The relative experiments were conducted under different conditions,
and the related assumptions were also different, none of them could dominate the reality. While in
general, the relationship between OH™ concentration and exchange current density is in accordance,
i.e., the more OH", the higher exchange current density, except that there is a summit value at OH"
concentration of 7 - 8 M indicated by Dirkse and Hampson. Later, Mokaddem et al. [81] evidenced
the formation of zinc hydroxide film on the surface from experiment which is a rejection to Bockris’
mechanism because in Bockris’ mechanism, Zn(OH),” was transformed to soluble Zn(OH);". The
different reaction orders obtained between them also indicate the divergence though consistency is
reached to the point that Tafel slope was reported to be almost independent of electrolyte composition
in both cases [82] shown in Figure 1-13. Sharma and Reed [83] suggested that in anodic supersaturated
zincate alkaline electrolyte, OH™ and H,O served as ligands to form soluble zincates Zn(OH)2(H20)»,
Zn(OH)3(H,0)  apart from Zn(OH)s*. Cachet et al. [84-86] emphasized an interfacial layer
interpretation and indicated that there were at least four adsorbates during zinc deposition and
dissolution, they proposed a general mechanism including the two most important reactions which
involved electron transfer, which were not the only existent processes.

Overall, the zinc anodic dissolution is quite a complex process, depending on the electrode and
electrolyte nature, and involves various intermediates including adsorbates on electrodes or solutes in

electrolyte.
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Figure 1-13 : Tafel behavior of zinc dissolution (a) in different concentrations of NaOH electrolyte (active
part) [81]; (b) in different zincate concentrations, solid black circle, 0.5 M, hollow circle, 0.082 M, cross,
0.051 M [76]

Zinc dissolution process is a process that industrial application is one step ahead to lab
mechanism research. Nevertheless, the mechanism study is still not clear though much insight has been
shed on this topic. Aiming to have a better understanding and acknowledge about the intrinsic nature
of zinc dissolution and deposition and further serves for better application conditions e.g., electrolyte
composition selection or additive adoption, the relative mechanisms are referred above. In this work,
experimental conditions would be more approachable to the industrialized battery, the corresponding

electrochemical performance concerning zinc deposition and dissolution will also be discussed.

1.3.2.2. Non-uniform dissolution and redeposition dendrites

Apart from the kinetic mechanism study, zinc dendrite growth during zinc deposition is another
research focus because zinc dendrites growth resists the industrial development of zinc-based batteries.
The electrochemical reaction from zincate ion (2%) to zinc metal (0) is easily realized, butnonuniform
potential or current distribution along the electrode results in nonuniform zinc deposition. The non-

uniformity issues around zinc electrode are related to four phenomena, i.e., dendrite growth, shape

change, passivation, and hydrogen evolution. Its schematic is shown as Figure 1-14.
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Figure 1-14 : Schematic representation of performance-limiting phenomena that may occur on the zinc
electrode: a) dendrite growth, b) shape change, ¢) passivation, and d) hydrogen evolution [38]

Dendrites are mineralogical defined as the arborization formed by fine -crystals.
Morphologically, dendrites are sharp and needle-like metallic protrusions [38]. Macroscopically, it is
widely accepted that dendrite is caused from high solubility of zincate ions in KOH electrolyte [34].
There are many statements from researchers during last 50 years supported by their simulation and
experimental work about the cause and mechanism for zinc dendrites growth [87-89]. While the most
acceptable conclusion is that zinc dendrite growth is associated to diffusion-limited mechanisms [38,
87, 90].

The research on the mechanism of dendrite formation includes:

1) exploring the main parameters affecting the time initiation of formation, the propagation rate,
etc.

2) model establishing to quantify the relationship between the main parameters.

3) experimental and numerical testifying of nucleation kinetics [88, 91].

Shape change is caused by uneven current distribution within the zinc electrode, generated
from uneven reaction zone and convective flow of the electrolyte. It is a general phenomenon including
dendrites. Indeed, the dendrite formation starts from the random nucleation induced by impurities or
dislocation, which would generate a nonuniform current distribution. In turn, the heterogeneous current
density facilitates the protrusion growing, until the radius of curvature of its tip decreases to a value
comparable to one percent of the diffusion layer thickness; meanwhile the protrusion grows across the
linear diffusion layer to undergo spherical diffusion. Under this condition, the plate-like precursor
would change into sword-like dendrites. Not all the precursors would grow into dendrites because the
current is mostly drawn away by the dendrite first appeared, leaving the rest unable to achieve the
condition of tip radius of curvature. Nevertheless, it may cause more severe problem piercing the

electrodes and whereby cause short-circuit of the battery due to fast dendrite growth [88, 89, 91].

35



Figure 1-15 : (a) The typical pictures of zinc dendrites 75% magnification; (b) tip of one dendrite 850%
magnification [89]

1.3.2.3.  Passivation during discharge

Passivation occurs when normal discharge is limited by the formation of an insulating film on
the electrode surface, it is termed as passivation. Passivation will occur when the zincate ions reach
their saturation concentration near the surface of electrode. Then, they can form compact zinc salts,
oxide or zinc hydroxide films which coat the surface of the electrode, blocking the reactive sites and
resisting the effective discharging process [82, 92]. Normally, zinc oxide is the main passivating film
in electrolyte with high KOH concentration [92]. Once passivation gets severe, zinc cannot be
deposited, and the recharging can be limited. Huber [93], Hull [94] etc. made noticeable efforts
studying zinc passivation in an early age, with the aid of optical instruments and spectroscopic methods.
The research is always accompanied by mechanism study of zinc dissolution in alkaline electrolyte.
Zinc oxide was mostly detected as the passivating film, and the black color of the passivating film was
deemed to a non-stoichiometry Zn/O in the layer of zinc oxide (ZnO1).

The main parameters that influence zinc passivation include pH of electrolyte, composition in
the electrolyte, hydrogen evolution, temperature, convection, and interruption [82, 95]. Generally,
there are two types of zinc oxide formed on the zinc surface. They are reported to obey different models.
Nevertheless, many authors propose different types of reactions that can be classified in two major
classes [81].

- Type I is from normal zinc dissolution-precipitation model, that zinc is dissolved to form
Zn(OH)4*, with the saturation of Zn(OH)+>", ZnO is precipitated. It is porous and it still
allows OH" diffusion although it decreases its diffusion rate towards the electrode surface.

Zn + 4 OH - Zn(OH)4* + 2 ¢ (oxidation)
Zn(OH)4* = ZnO + 2 OH" (further precipitation with too high concentration)
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- Type II is deemed to be formed via nucleation and growth model and/or via adsorption
model. Nucleation and growth model proposes that zinc reacts directly with OH™ to form
Zn0O, and adsorption model indicates that certain adsorbed species rejects protons and form
ZnO [61, 96, 97]. It is compact and responsible for the local passivation.

Zn+2 OH - ZnO + H,0 + 2 ¢ (oxidation)

So, the differences would be between a uniform deposition of porous zinc oxide or the local
deposition of a dense zinc oxide.

The interfacial pH is a critical factor for forming the two types of ZnO. The slow-down of the
transportation of OH™ towards the electrode surface by type I porous ZnO may result in a decrease of
interfacial pH, and form type II dense ZnO [61]. Type II ZnO could also form directly under the
condition of low pH and saturated zincate ions [34], which is consistent to the hypothesis in [81] that
passivating oxide may be formed from phase transition of type I to type II or it may be formed
independently. Though passivation is detrimental to zinc anode, it is only a small amount and appears
onlyin a certain potential range [81]. ZnO formation decreases the porosity of the commercial porous
zinc electrode because of its higher volume than that of zinc, based on which, it is needed an initial
zinc electrode with a porosity of 37% theoretically (Zn paste). While in reality, the required porosity
1s twice, because the thickness of the electrode also induces the ZnO formation due to resistance of the

diffusion of hydroxide ions [98].

1.3.24. Hydrogen evolution

Passivating ZnO film on the electrode not only makes a barrier to the contact of active zinc
with electrolyte, but also decreases the potential for hydrogen evolution, therefore makes easier the
hydrogen evolution on the surface of the ZnO film [99]. While ZnO as an additive in the alkaline
electrolyte (forming zincate ions), can suppress hydrogen evolution and does not encourage electrode
passivation, while it must be noted that a low concentration with a mole ratio of additive to KOH being
around 1 : 1000 should be kept [100]. On the other hand, high ZnO concentration in the alkaline
electrolyte is advantageous to suppress zinc dendrite formation.

Hydrogen evolution results intrinsically from higher reduction potential of hydrogen evolution
reaction (-0.86 V) than that of Zn(OH)4*/Zn (-1.2 V). It is thermodynamically favored, while it is a
side reaction in zinc-air batteries. Because of the above detrimental effects, the utilization efficiency
of zinc material is less than 60%. Based on the above, the good way to restrict the hydrogen evolution
during discharging is to increase the overpotential of hydrogen evolution reaction. Though hydrogen
evolution occurs during all the pH range according to Pourbaix diagram of zinc, it is not the dominant

cationic reaction when pH is between 4 - 12 in the case of zinc corrosion, instead, oxygen reduction
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becomes dominant [101]. When external current is applied on the electric circuit of zinc-air battery,
the hydrogen evolution may also occur on zinc electrode during charging, which decreases the
coulombic efficiency of charging process. If the passivating oxide film forms on the electrode, OH"
diffusion to the surface is retarded, pH decreasing would be the reason that hydrogen evolution is
easier to occur, corresponding to the decrease of overpotential of hydrogen evolution reaction, as
mentioned above [99]. Overall, the above problems occur during the processes of discharge-charge
cycles of zinc-based alkaline rechargeable batteries that include active materials diffusion from the
bulk electrolyte to the surface of electrode, then adsorption on the surface, later reaction (zinc
dissolution and deposition) during which there is sometimes formation of new phases, so nucleation
and growth is also accompanied. Besides, there may be side reactions and side products, schematically
presented in Figure 1-16.

= Finc dissolution

Linc deposition

Electrolyte

Zn+4OH~  * Zn(OH) 2 +2e

DifTusian
¥
Adsarption
= ®
=
g T
= teaction PR ON ucleation F""
Passivation

v and growth

evolution

Figure 1-16 : Processes that involved in zinc-based alkaline rechargeable batteries

Considering the utilization of aqueous alkaline electrolyte, water leakage, evaporation, and
electrolyte carbonation with atmospheric carbon dioxide are also minor problems compared to the

above [102].

1.3.3. Proper solutions to the above problems

For the above problems concerning the zinc dissolution and deposition, there are various
approaches to tackle it including additives in the electrolyte or in the electrode, coatings on the
electrode, modification of the hydrodynamic conditions, changing the charge-discharge mode, etc. All
of them are aimed to modify the kinetics of zinc dissolution or deposition, specifically in the aspect of

the diffusion.
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1.3.3.1. Additives to reduce dendrites or H: evolution

The methods used to depress one of the problems may cause drawbacks to another one, whereas
it is also the case that one method can solve several of the problems concurrently. Especially, the way
to avoid zinc dendrite growth from the perspective of increasing hydroxide concentration is also good
for preventing zinc passivation; while increasing the surface area of zinc anode is good for inhibition
of passivation, while intensifying anode corrosion [103]. The mechanism and the methods to depress
the zinc dendrites growth have been widely researched. Jens-Christian Riede [104] proposed a critical
concentration of zinc ions on the electrode surface, only below which, the zinc dendrites can be totally
avoided, whereas obtaining this critical concentration is not controllable. Additives in the electrolyte
or electrode could inhibit or suppress zinc dissolution, further, to reduce the possibility of dendrite
growth. These additives can be categorized into organic and inorganic chemicals.

The inorganic additives share a priority of their reductive ability due to the metallic ions which
would be reduced to act as the substrate of the electrodeposition of zinc and the electro-conductor of
the electrode; the organic molecules serve to decrease mass transfer rate of zinc ions [105-107]. The
inorganic additives often meet the requirements of being soluble in the electrolyte and having higher
standard potential than zinc [108]. But the side effect that they will increase the polarization potential
is a compromise, which would generate low coulombic efficiency [59].

Examples of inorganic additives limit the dissolution of zinc (27), by forming less soluble
products, e.g., Ca(OH); addition in the electrode engenders the formation of Ca(OH),-2Zn(OH)-2H,0O
which is insoluble in the electrolyte [67]. Al2O3 coated on zinc particles anode is investigated to have
a good effect on retarding hydrogen evolution and zinc corrosion by acting as a solid electrolyte with
relatively good ionic conductivity to prevent the contact between aqueous electrolyte with zinc
particles [109].

The organic additives are often some surfactants which are amphiphilic. They can be divided
into three groups according to their ionic characteristics [103]. Their function is to adsorb on the zinc
electrode, further, to decrease its contact with water, via which the anode passivation and corrosion
could be suppressed. Electrode additive is a less effective way to suppress the shape change or
dendrites growth on zinc electrode.

The organic additives in the electrode are usually polymers, which normally act as the binder
in zinc electrodes, offering the stable structure. Commonly seen organic additives are cellulose,
Polyethylene glycol, CTAB, SDS, PEG-8000, and thiourea etc. [110]. The cycle life of the zinc-based

secondary cells can be significantly improved with the binder.
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Some additives have several functions. Cadmium plated on the zinc electrode have a combined
function of suppressing dendrite growth and hydrogen evolution [111]. The commonly reported

additives in the alkaline electrolyte of zinc-based batteries are listed in Table 1-3.

Table 1-3 : Some reported additives used in alkaline zinc secondary batteries

Additive Anode Bulk Function Ref.
form
Polyethylenimine Zinc wire Electrolyte | Suppressing dendrite [107]
growth
Dodecyltrimethylammonium | Planar zinc | Electrolyte | Suppressing [112]
bromide (DTAB) Passivation and
corrosion
Poly(oxyethylene)nonylphenyl | Gelled zinc | Electrolyte | Suppressing [113]
and pluronic F-127 slurry Passivation and
(P127) corrosion
Ethylene diamine tetraacetic Zn—Ni Electrolyte | Prevention of dendrite | [114]
acid (EDTA) alloys film formation
Sodium dodecyl benzene Gelled zinc | Electrolyte | Suppressing [95]
sulfonate (SDBS) slurry passivation
Sodium dodecyl sulfate (SDS) | Zinc sheets | Electrolyte | Suppressing [115]
Passivation and
corrosion
Triethanolamine Zinc paste | Electrolyte | Formation of complex | [116]
anode and reduction of the
solubility of zincate
ions
Tartaric acid Vitreous Electrolyte | Inhibition of zinc [117]
carbon dendritic deposits
Bismuth and lead alloyed Zinc alloy | Electrode | Suppression hydrogen | [118]
powder evolution
Ethanol Pristine Electrolyte | Suppressing zinc [119]
graphite dendrite by decreasing
felts exchange current
electrode density of zinc anode
Ethanol Zinc Electrolyte | Hinderance of [119,
granules passivation 120]
Bismuth ion and Planar zinc | Electrolyte | Inhibition of zinc [121]
tetrabutylammonium bromide | electrode dendrite growth
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Na;WO4 and lead Deposited | Electrolyte | Inhibition of dendrite | [108,
zinc growth 122]
electrode

Aluminum AlOs3 Electrode | Inhibition of hydrogen | [109]

oxide (Al,03) coated on evolution
zine
particles

I Graphite Membrane | Consuming zinc [123]
felt dendrite
electrode

Bismuth and calcium Pasted zinc | Electrode | Formation of [124]
electrode conducting matrix to

reduce the solubility

Barium hydroxide Pasted zinc | Electrolyte | Formation of complex | [125]
electrode and reduction of zinc

dendrite growth

LiOH - Electrolyte | Stabilization of zincate | [67]

ions and suppressing
passivation

Sn Carbon felt | Electrode | Suppressing both zinc | [126]

dendrite growth and
hydrogen evolution

(NH4).CS Porous zinc | Electrolyte | Suppression of [100]
electrode passivation

HgO and TiOz Porous zinc | Electrolyte | Inhibition of dendritic | [127]

electrode

deposition
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Figure 1-17 : Methods to improve zinc electrode performance by organic or inorganic additives in electrode or
electrolyte, or newly fabrication of electrode or electrolyte

Additives in electrolyte or zinc electrode either play a role of adsorbents separatingelectrolyte
and electrode, or reacting (complexation) with the zinc ions, avoiding their saturation, or increasing
the anode overpotential. Additives and their functions in zinc-based batteries are schematically shown
in Figure 1-17. Sometimes the same additive in electrolyte or electrode has the same effect on zinc
dissolution and deposition process, like lead, bismuth; while some additives in electrode or in

electrolyte give an inverse effect [128].

1.3.4. Zinc-air flow battery

Besides additives, flowing electrolyte is a special measure that has multiple advantages to zinc-
based batteries. Flowing electrolyte enhances the mass transfer of the electrolyte, which is
advantageous to suppress dendrite growth. On the other hand, flowing electrolyte can remove the gas

evolved on the air electrode, which prevents gas bubbles or the gas from adsorbing on the electrode
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and decreasing the reactive area. Besides, from a practical view, flow battery is feasible to scale up

power or capacity by simply refreshing the electrolyte.

1.3.4.1. Effect of flow on dendrites hydrogen evolution and passivation
Flow is reported to have a good effect on suppressing the formation of passivating films and
zinc dendrites [103].

Zinc dendrite suppression: Electrolyte flow in zinc-based batteries reduces the zinc dendrite

growth rate or even eliminates it, therefore it enhances the cyclability, though in some cases zinc
dendrite cannot be totally inhibited [119, 123, 126, 129-132]. Dendrite growth is a non-equilibrium
deposition process, as is believed that the morphology of crystals is dependent on the ‘distance’ from
the thermodynamic equilibrium shown as Figure 1-18, and flowing electrolyte is an effective way to
make the system closer to thermodynamic equilibrium by changing diffusion control to convection
control [130, 133].

Hydrogen evolution can be also suppressed by flowing electrolyte because the flowing

electrolyte can avoid the situation concentration gradients near the electrode surface which causes
hydrogen evolution rather than zinc deposition [49, 134].

Besides, flowing electrolyte has also been proposed in zinc-organic hybrid flow batteries for
the convenience of increasing cell voltage by flowing two different electrolytes separately, especially

with non-aqueous electrolytes [119, 135, 136].
Polyhedral  Skelton Dendrites
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Figure 1-18 : Schematic illustration of a correlation between the distance of the formation conditions from the
equilibrium and the morphologies of formed crystals [133]

1.3.4.2.  From zinc-air to redox flow batteries
From the common view, flow batteries have the attractive characteristics of high safety, high
energy efficiency, long cycle life, and environmental friendliness [137]. Besides, it allows membrane-
less structure fabrication, therefore it can be cost-effective [131]. Flow may also allow to transport
species to an external tank of reactants which may also allow to store a large capacity of energy

whereas the surface area of the electrode determines the power of the cell. So, power (W) and energy
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(Wh) can be easily decoupled. Though flowing electrolyte cannot be totally inhibited the dendritic
growth in actual cases with cycles going on, it could limit it to a great extent.

Rechargeable zinc-air flow batteries have two different operation modes. The more practical
one is the combination of zinc-air flow primary battery and zinc electrolyzer system which is also
known as zinc-air fuel cell, comparting the discharge and charge processes in two different cells. The
fresh zinc is provided as fuel when discharging, and its regeneration is realized in another electrolyzer
system. The flowing electrolyte with the discharged products can be introduced into the electrolyzer
where zinc is deposited. This mode is also termed as mechanical recharge. The other mode is electrical
recharge where both charging and discharging processes are fulfilled in one cell. The main problems
are the deterioration of air electrode caused by the evolved oxygen, and dendrite growth. The
mechanical rechargeable zinc-air batteries have been pilot demonstrated and applied in small scale
regional energy storage [138]. The electrical ones remain in laboratory development enormously due
to its great potential in operational flexibility and cost efficiency. In the electrical recharge batteries,
two- or three-electrodes are the main configurations. Three-electrodes configuration separates oxygen
reduction reaction (ORR) during discharge and oxygen evolution reaction (OER) during charge on
two separate electrodes, while zinc electrode is shared during both.

From the literature we observe that flow battery has the effect to limit the dendritic growth
[139], to increasing the cyclability but also it makes the negative (zinc) electrode simpler. It can be a
simple foil or plate instead of a porous paste since zincate ions are not supposed to precipitate locally
since they are carried away by the flow [140]. They usually highlighted with significant cyclability
[141]. Not many applicable zinc-air flow batteries are realized with high performance, the limited
papers or patents are presented here, the overall cycling performance and technique details are shown
in Figure 1-19 and Table 1-4. All these data suggest that a flowing zinc — air battery cell can be built

with a reasonable current density of 50 mA ¢cm™ and a corresponding power of 50 mW cm.
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Figure 1-19 : (a) The morphology of zinc electrode after the cycling of the battery at different flow rates
[139]; (b) (c) (d) cycling performance of zinc-air flow battery [140, 141]

45



Table 1-4 : Some reported zinc-air flow batteries

Main Zinc Electrolyte | Flow | Schematic presentation Ref
components | electrode | compositi | rate
in air on
electrodes
Oxygen Copper 30 wt.% 04L [141]
depolarized | foam KOH min!
cathode for electrolyte
ORR and a with 2
nickel foam wt.% ZnO
for OER
NiCo2O4for | Rota- 8MKOH | 6o0r8 [142]
OER Hull with0.2- | cms’!
Lag6Sro4Coo. | cathode | 0.5M
2FeosOsfor | cylinder | ZnO
ORR
B-Ni(OH)2 Copper | 7M KOH- | 450 [140]
for OER, 0.7M mL h
MnO:; for LiOH-0.7 |!
ORR M ZnO
NiSx-FeOy | Zinc foil | 8 M KOH | - [143]
particles on and 0.5 M
sulfur doped ZnO
carbon fiber
paper
Fe-based - 7MKOH | 5mL [139]
catalyst for and 0.6 M | s!
ORR, Ni ZnO
mesh for
OER
MnO; as Zinc 7MKOH | 150 [128]
ORR catalyst | granules | with SDS | mL
and nickel coated (0-8 mM) | min™
foam as on or P127
current stainless | (0-
collector steel 1000 ppm)
mesh
cylinder
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1.4.

Conclusion

A comprehensive and systematic introduction of zinc-air battery has been done in this chapter.

The importance and challenges of zinc-air battery are emphasized. Both academic and industrial

developments about zinc-air battery are also mentioned in detail. From the above, we grasp the

following main points.

Renewable sources of energy and energy storage systems are necessary to be integrated
into the power grid or supplement other electricity demands to reduce carbon emissions.
Battery technology as one of the energy storage systems serves well for obtaining the
above objective. Compared to the conventional batteries, zinc-air battery takes
advantages of its low cost, high theoretical energy density, high safety and few
demonstrated cases.

However, there are some problems related to the aging of the battery (poor cycling) and
the low reversibility at the oxygen electrode with a large difference of potential between
charge and discharge. This results in poor energy storage efficiency.

Non-uniform zinc deposition and the catalyst in air electrode as well as the formulation
of air electrode are the most important problems to solve.

Additives in the electrolyte or electrode, coatings on the electrode, the modification of
hydrodynamic condition or discharge-charge mode could somewhat solve the problems.
Among the proposed solutions, flowing electrolyte outweighs due to its multiple
functions, e.g., suppression the zinc dendrite growth, removal of the adsorbed oxygen

evolving during charging.

Since the most important difficulties are associated to dendrite formation at the zinc electrode

and oxygen reduction at the positive electrode, we are going to focus on all these problems in the

experimental chapters. Thus, this thesis is ambitious to fabricate an effective zinc-air flow battery.

Each part of the battery will be emphasized and discussed in detail, namely, the electrochemical aspects

of zinc electrode, electrolyte, air electrode.

In chapter 2 we are going to study the effect of flow on the dendritic growth at the zinc electrode.

Low-cost catalysts in air electrode for oxygen reduction with good electrochemical performance

will be introduced in the chapter 3. Cyclic voltammetry experiments on DRE have been imposed to

measure the corresponding catalytic activity, and the reproductivity of this method will be verified,

which is a vital and fundamental part of both the thesis and the related catalysts characterization.

The air electrode with applicable size is further formulated to fulfill the ambitious
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flow battery assembly. The formulation route effect will also be introduced. Its electrochemical

performance will be presented.
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Chapter 2 Zinc electrode

2.1. Bibliographic study on zinc electrode

While primary zinc electrode batteries are widely distributed commercially, secondary
zinc electrode batteries have only been sporadically put into market. This can be explained by
the properties of high solubility and electrochemical kinetics of the zinc electrode. Much
research has been focused on the mechanism of zinc dissolution and deposition, and the
accompanied phenomena of passivation and hydrogen evolution are also discussed vastly in the
literature [33, 59, 82]. We report in this chapter most of the conclusions obtained from literature
on the dendritic growth in terms of mechanisms, kinetics, interferences, and possible solutions,
before studying the main parameters controlling the dendrite growth in our specific conditions

of flowing electrolyte.

2.1.1. Zinc electrode in zinc-based batteries

Due to the multiple existing zinc-based batteries, various zinc electrodes have been
developed to fit with the electrolyte, the positive electrode, and the cell configuration to a certain
extent. We can thus find porous Zn electrode formulated with polymer, zinc plate, zinc alloys
or Zn-KOH slurry etc. The electrode could also be fabricated in different ways, for example by
pasting, precipitation, powder compression, electrodeposition, sintering, etc. [144].

However, in both academic and industrial domains, the zinc-based alkaline batteries are
using quite similar zinc electrodes. Materials composing zinc electrode in zinc-based batteries
are mainly zinc or zinc oxide particles or their mixtures with certain ratio. The shape of the
powders is reported to have different battery performance [144]. The polymer binder material
is also important to fabricate zinc electrode, the commonly used binder is PTFE
(polytetrafluoroethylene, also known as Teflon) with different specifications. Porosity and pore
distribution of zinc electrode is important to the electrode performance. An optimum porosity
was identified to be 64% [145], and for polymer-bonded zinc electrodes, porosities of 60-75%
are commonly seen. Common ways to generate pores in the electrode is to pre-put something

easy to evaporate at higher temperature, e.g., C4Hio[144]; easy to be reacted into gas, e.g.,

49



NH4NO3 [140], (NH4)2COs3 [146]; or easy to be extracted by some solvents, e.g., DBP (Dibutyl
phthalate).

Turney et al. [146] made a systematic work on the Zn-Mn rechargeable battery,
emphasizing the performance of zinc electrode. They studied zinc electrodes, specifically
modified to show increasing wettability, or permeability, or reducing the hydrogen evolution
reaction (HER), etc. It was found that the failure of the battery could result from zinc dendrite
growth and accompanied short-circuit, or from zinc passivation which reduced the porosity of
the electrode and resisted the permeation of active species, or hydrogen evolution and the

accompanied ZnO formation.
2.1.2. Studies on zinc dendrite growth

2.1.2.1. The dendrite issues

Dendritic deposit may cause a short circuit between electrodes or a loss of capacity of
the battery when the loose dendrites disconnect from the electrode [38, 147]. To solve the
problem, a better knowledge of zinc electrodeposition is unavoidable. The studies related to
zinc electrodeposition are focused on two groups of studies: on one side the study which
considers the electrochemical reaction on the surface of electrode, the crystallization of zinc
onto the substrate; on the other side the study of the morphology of the deposits related to
concentration gradients in the cell [88].

For now, the known variables influencing zinc deposition are overpotential, current
density, charge mode (electrochemistry) [89, 147, 148]; composition in the alkaline electrolyte,
hydrodynamics (electrolyte) [149, 150]; anode substrate (electrode) [49, 151, 152]; cycles, time
and temperature.

The uncontroversial conclusions are that pulse charge mode can reduce dendrite growth;
that the deposit crystallization is relative to the substrate; and that the electrolyte flow can
suppress shape change or the dendritic growth by refreshing the electrolyte and avoiding

concentration gradients.

2.1.2.2. The controversy about dendrites origins
The study on the mechanism of zinc electrodeposition was concentrated in the middle
of XX century. The studies focused on the morphology of zinc deposits, the growth mechanism
of deposits, the controlling variables for morphology, etc. A great number of insightful and

well-designed work has been done, while there is always no identical conclusion between them,
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which indirectly indicates that the zinc electrodeposition is a process very complete, and the
avoidance of zinc dendrite growth is kind of empirical.

On the one hand, when working under galvanostatic conditions, Naybour et al. [153]
reported three different morphologies of zinc electrodeposition at different current densities
using zinc single crystals with different orientations of the hexagonal zinc lattice (0001) (10-
10) (11-20) as cathode substrate. The zinc deposits were dendritic at current density of 100 mA

cm, they were layer and granular at 20 mA cm™, and at 4 mA cm™ the morphology was mossy

as seen in Figure 2-1.

Figure 2-1 : Layer morphology deposited at 20 mA c¢cm™ (left) and mossy at 4 mA cm™ (right) [153]

Wang et al. [149] confirmed these morphologies later with a very systematic work about
zinc electrodeposition. They studied the surface conditions of the electrode, the different

substrates, the electrolyte compositions, and the temperatures.
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Figure 2-2 : Morphology diagram of zinc deposits [149]

They observed the same morphologies as Naybour (Figure 2-3), and related them with
the conditions during kinetic studies (Figure 2-2) and with different growth mechanisms:
- The mossy, the layer-like, and spongy (more likely the layer-like) deposits were

grown under activation control.
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- The growth of boulder or heavy spongy (large boulder agglomerates and highly
branched dendrites) were under mixed mechanisms both activation and diffusion
control.

- The dendritic deposits were formed under diffusion control.

Activation-controlled Both activation and diffusion- Diffusion-controlled
controlled

Figure 2-3 : Different morphologies of electrodeposited zinc in work of [149]

Both claimed the current density to be a critical parameter determining dendrite
initiation and growth.

Going further into the control mechanisms, Naybour et al. claimed that the orientations
of the zinc substrate had an influence on the dendrite growth only in the early growth stage:
there were fewer growth sites on the basal planes; while there was no big difference once the
dendrites developed, and the dendrite growth direction was indicated to be (11-20), which was
also supported by Justinijanovic et al. [154] and the compact morphology was found to grow
in the direction of (0001). With this study, they proposed that the dendrite growth occurred
when the current is limited by zincate diffusion. Such conclusion is also brought by Wang et al.
which experimental results demonstrated that activation control was not responsible for
dendrites growth because after dendrites had been initiated, and activation-controlled condition
was then imposed, there was only mossy deposits but no dendrites.

Arouete et al. [147] adopted constant currents below and above the so-called critical
current to study the type of control of zinc electrodeposition on the zinc foil electrode,
emphasizing the effect of pulse charge on more compact zinc deposits, namely increase of

deposits adherence. The critical current density marked the transition from activation control to
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mass transport control which was dependent on temperature. Mossy deposits occur under
activation control and dendritic deposits were deemed to be formed when the electron reaction
was controlled by mass transfer. The pulse charging mode could suppress dendrite growth by
sparing time for transport of zincate ions towards the electrode and overcome the diffusion
control. The main controllable factors are the pulsed current density, the time duration of on-

and off-states and ratio of on- and off-times.

On the other hand, under potentiostatic conditions, different conclusions can be given,
first proposed by Diggle et al. [89]. They found the morphologies of deposited zinc were related
to the overpotential. When the overpotential was lower than 85 mV, the morphology was
spongy; and above 140 mV, the deposits became mixed spongy and dendritic; between the two
overpotentials, there were dendritic deposits. A critical overpotential for dendrite initiation was
proposed to be 75-85 mV. If such specific value of critical overpotential could be further
discussed, the works of Bockris et al. [88], Justinijanovic et al. [154] and then Moshtev et al.
[91] confirmed that overpotential rather than current density was more likely the controlling
parameter of the morphology of deposits.

Diggle et al. also applied a screw dislocation model to present the dendrite initiation and
growth, and a basic model extended according to Tafel equation. Based on the models and
experiments, they concluded that dendrite initiation was the result of pyramidal growth due to
rotation of a screw dislocation under bulk diffusion control. At some optimum value of radius
of curvature, the dendrite growth rate became the highest and constant, thus the length of the

dendrite would grow linearly with time. They concluded that dendrite growth was under
activation control. Their experiments showed that the time required for the appearance of
dendrites decreased and the rate of propagation increased as the zincate concentration increased.

Some years later, Justinijanovic et al. [154] observed that dendrites were grown from
nuclei of the high index plane, which required a critical overpotential for probability of
nucleation of the corresponding type for dendrite growth. They thus proposed a new mechanism
of 1-D nucleation for dendrite growth and claimed its preference to screw-dislocation
mechanism due to the fast growth, the compact deposits were indicated to obey the growth
mechanism of screw-dislocation. The reverse dissolution of the deposits was conducted using
anodic currents, and the result are shown in Figure 2-4(b), the dramatic drop of current after
some time was thought to originate from the initial faster dissolution of the dispersed deposits

as compared to the compact ones.
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Figure 2-4 : (a) Average current density as a function of potential and of overpotential for zinc
deposition (A) and hydrogen evolution (O) from alkaline zincate solutions; (b) Current density of
anodic dissolution of zinc deposit as a function of time [154]

Bockris et al. [88] also followed the same model of nucleation of dendrite on high-index
planes to explain their observations. They applied electrodes with different substrate
orientations to study the morphology of the zinc deposits at very beginning of the
electrodeposition (only in a timescale of several minutes). They claimed that the morphologies
of the zinc deposits were independent on the orientation of the substrate, while the growth rate
of the deposits was influenced by the orientations. At each substrate, the morphology was layer-
like at overpotential of 50 mV in a mode of epitaxial growth. It was boulder-like at 100 mV,
most of the boulders were epitaxial with the substrate while there were others not epitaxial but
originated from nucleation. Dendrites could appear subsequently after a period for initiation
among the boulder-like deposits, which was supposed to be the precursor of dendrites, the

initiation time could be as long as 50 min. The reasonable low proportion of boulders evolved
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into dendrites might be resulted from the proof that dendrites only grown from the nuclei on
high index planes [154]. At overpotential of 200 mV, dendrites dominated. Overpotential rather
than current density was proved more likely as the controlling parameter of the morphology of
deposits. Two different zincate concentrations of 0.1 M and 0.02 M were used to study their
influence on morphology change, and the results showed the same morphology at the same
overpotential in these two electrolytes. Its effect on the dendrite growth was not explored.
Later, Moshtev et al. [91] applied a RDE (rotating disk electrode) to study the kinetics
of zinc electrodeposition. They showed a typical potentiostatic current-time (I-t) graph as
Figure 2-5(a). There were three regions in the graph, region marked with ‘a’ might be a result
of reduction of oxide film or desorption of some species on the electrode surface. The constant
current in region ‘b’ was deemed the limiting current, and in region ‘c’ current was linear
dependence of time. The intercept of the two regions was marked the transition time t which
decreased with increase of either the rotating rate of electrode or overpotential applied.
Experiments showed that the transition time corresponded the visible appearance of sword-like
or fern-like dendrites. And the even height of the dendrite was found to be equal to the thickness
of diffusion layer, which may also explain the dendrite initiation due to the transfer of linear
diffusion to spherical diffusion in Diggle’s work. The 1Co (Co: the concentration of zincate
ions) varied insignificantly with Co and decreased with the increase of the overpotential,
unvaried under the constant overpotential and RDE rotating rate. Thus, under the same
overpotential and rotating rate, the time for sword-like dendrites growth decreased with the

increase of zincate concentration as Figure 2-5(b) shows.
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Figure 2-5 : (a) Typical potentiostatic I-t curve on the RDE [91]; (b) Total current-time relationship as
a function of zincate concentration [89]
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The related studies on zinc electrodeposition are listed in Table 2-1, the conditions of
the electrodes and electrolytes, the corresponding growth model, and the general conclusions

are included for easy comparison.

Table 2-1 : The proposed mechanisms of zinc electrodeposition in references

Conditions Model Morphology | Conclusion Ref
Electrode: single - Dendritic at | 1. The density of dendrites [153]
zinc crystal with 100 mA cm™ | was about the same (~10°
different orientations % layer and | cm?) for all substrate
Electrolyte: 5 M granule at 20 | orientations;
KOH saturated with mA cm?; 2. Dendrites grown in the
Zn0O; mossy at 4 direction of (11-20)
Galvanostatic mA cm
control
Electrode: Pt sphere | Kinetic Dendritic at | 1. There was a critical [89]
electrode model: -85--140 overpotential for dendrite
Electrolyte: 10% extended to mV; initiation;
w/w solution of the Tafel Spongy and | 2. Dendrite initiation was
KOH, 0.01 and 0.2 | region of dendritic at | attained until the required
M ZnO; overpotential; | <-140 mV; | radius of curvature giving
Potentiostatic Growth spongy at > - | rise to spherical flux to the
control model: 85 mV propagating tip;

Screw- 3. Dendrite growth was

dislocation linear with time under

activation control
Electrodes: zinc - Smooth, 1. Mossy deposits could turn | [147]
sheet, black and to be smooth using pulsed
electrolyte: 43% porous current charging;
KOH solution 1.13 mossy, and | 2. Pulsed current could
M zincate; dendritic decrease dendrite growth
Galvanostatic because of the dendrite
control growth was under diffusion
control

Electrode: Nucleation Layer-like, 1. Overpotential was found | [88]
polycrystalline zinc | and epitaxial | boulder, to be the critical variable;
electrodes known dendritic 2. At low overpotential (50
orientation; mV) there was epitaxial

57




Electrolyte: 2 M
KOH and 0.1 M or

growth, at 100 mV, there

were boulders with epitaxial

0.02 M zincate; and a few not, with
Potentiostatic nucleation;
control 3. Dendrite would grow
from the boulders
Electrode: steel Epitaxial and | Compact 1. Dendrite grown from [154]
substrate; 1-D and nuclei of higher indices (10-
Electrolyte: 0.5 M nucleation dispersed 10) and (11-20);
zincate and 6 M deposits 2. Much faster growth on
KOH; the (10-10) or (11-20) plane
Potentiostatic than on the (0001) plan
control could be explained by the
mechanism of
unidimensional nucleation
Electrode: RDE Only 1. The growth rate of zinc [91]
(zinc 3mm in focused on dendrite precursors
diameter); dendrite is constant within the
Electrolyte: 0.34 M growth at diffusion layer;
zincate and 8 M overpotential | 2. An equation concerning
KOH; of -150 mV, | zincate concentration and
Potentiostatic plate-like the time of appearance
control precursors to | of dendrites was derived
sword-like
dendrites
Electrode: single Nucleation Mossy, 1. There were two types of | [149]
crystals; and epitaxial | layer-like, deposits, either under
Electrolyte: 7 M boulder, single-factor control, or
KOH solution heavy two-factors;
saturated with 0.7 M spongy, 2. At low overpotential the
Zn0; dendritic growth was epitaxial, at
Galvanostatic high overpotential, it was
control from nucleation;

3. No universal critical
overpotential for a specific

deposit morphology existed
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2.1.2.3. The interference with hydrogen evolution

Hydrogen evolution occurs during both discharge and charge processes while the
potential remains below the hydrogen reduction threshold. It is usually called self-discharge or
corrosion during anodic polarization or at open circuit potential (rest). It is generally detrimental
to the performance of battery, with only a little gain from stirring [155]. As observed by
Justinijanovic et al. [154], hydrogen evolution occurs concomitantly with dendritic growth
during deposition, and is proportional to overpotential above a critical value, as shown in Figure
2-4(a). Some works thus attribute the dendritic growth to hydrogen evolution or consider that
they interfere with each other. So, a study on dendrite growth should also consider hydrogen
evolution.

Experimental works to quantitatively measure this hydrogen evolution and separate it
from the cathodic polarization and/or static chemical corrosion face technical issues. When
measuring the rate of hydrogen evolution by recording the electrolyte volume change in a
pipette in a static condition without any electrochemical polarization, P. Dirkse et al. [156], they
obtained the results that static zinc corrosion decreases with zincate ion concentration in
alkaline aqueous electrolyte and increases with temperature, giving rise to different corrosive
products. The drawback of this experiment was that the dissolved hydrogen made the apparent
hydrogen volume less than its expected value [157]. With a similar aim, R. E. F. Einerhand
[158] applied a RRDE (rotating ring disk electrode) technique to measure the hydrogen
evolution from the zinc deposition and separated it from the corrosion of zinc. They also pointed
the limitations of this analysis when there were hydrogen bubbles not dissolving in the
electrolyte. This work is very elegant, but the question remains unsolved: once there is dendrite
growth on the electrode, whether it would affect the hydrogen evolution and vice versa. The
dedicate measurements and analysis of hydrogen evolution during cathodic polarization or
static corrosion in the zinc based alkaline electrolyte have been fulfilled, but the relationship
between dendrite growth and hydrogen evolution is not deeply revealed.

Additives in the zinc anode or in the aqueous alkaline electrolyte are useful for
suppressing hydrogen evolution and/or dendrite growth in zinc-air battery [99, 107, 159].
Because the rate of hydrogen evolution is greatly dependent on the overpotential of hydrogen
on zinc electrode, many additives in the electrolyte play the role to decrease the potential of
hydrogen evolution (the absolute value of overpotential is increased but in fact the hydrogen
reduction potential becomes more negative) [151].

In the early trials, mercury was found effective to improve performance of zinc

deposition by suppressing hydrogen evolution, but it is highly toxic and not environmentally
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friendly [67]. So, other non-toxic additives have been tested to replace it, especially some
organic additives. The common mechanism of the additives is to adsorb on the electrode by -
bond combination preventing further dendrite growth or increasing the hydrogen reduction

overpotential.

2.1.24. The effect of liquid convection or flow towards the electrode surface
Flow effect is widely applied and discussed in full zinc-based batteries.
Naybour et al. [150] investigated the effect of flowing electrolyte on the morphology of
zinc deposits in alkaline electrolyte containing zincate ions. They concluded that a flow, either
laminar or turbulent, greatly modifies the morphology of zinc deposits. Flatand smooth
deposits were systematically obtained under high Reynold’s numbers and intermediate current
density around 40 mA cm™. A phase diagram of current density-Reynold’s number-
morphology (Figure 2-6) was proposed to take the hydrodynamic conditions into consideration.
Wang et al. [87, 160] used a phase-field model to simulate the zinc deposition in electrode-
electrolyte surface composed of the steel electrode in the alkaline zincate electrolyte. This
model revealed that the dendrite tip should present a higher electric potential and higher
concentration of zincate ions around it. Flowing electrolyte and pulsed charging experimentally
proved to suppress zincate dendrite effectively. This further indicated that the dendrite growth
was diffusion controlled. Hydrogen evolution was not mentioned neither in the model
simulation nor in the experimental observation.
Ito et al. [161] proposed as an indicator the ratio of current density to limiting current

density. The limiting current density is defined as below:

nFDCo

Equation 2-1 : iy, = N oS,
1
Equation 2-2 : 33 de/ 3
Sy =185R,S.( ']

where i, 1s the limiting current density, # is the number of electrons in the reaction, F'
is Faraday’s constant, D is the diffusion constant, Cy is the bulk zinc concentration, S is
Sherwood number, R.is Reynolds number, Scis Schmidt number, d. is the hydraulic diameter,
L is the plate length in the streamwise direction.

The flow effect was taken into consideration, to emphasize the morphology transition
of zinc deposits in alkaline electrolyte. They only observed three morphologies within all the

deposition experimental conditions: mossy, compact and intermediate with the co-existence of
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mossy and compact. This is different with other experiments such as by Wang et al. [149], but

this is probably due to the different deposition conditions especially the flowing electrolyte.
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Figure 2-6 : Phase diagram of current- Reynold’s number [150]

Hyeon Sun Yang et al. [162] found a critical flow rate that ensures optimal performance
of zinc-bromine redox battery from the perspective of both electrodes; the circulating rate had
an influence on the kinetic of electrochemical reactions on bromine electrode, which further
affected the zinc dissolution and deposition onto the zinc electrode, therefore a critical flow rate
induced good mixing of the positive electrolyte and a decrease of dendritic growth. The effect
of flowing electrolyte on gas evolution was quantitatively evaluated in a zinc-nickel oxide
battery [130]. Recently there is much modeling work on the quantification about dendrite

growth.
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Table 2-2 : Hydrogen evolution study during zinc deposition in alkaline zincate electrolyte

Electrode

Electrolyte

Setup

Conclusion

Reference

RDE

3 M KOH
with zincate
concentrations
0f 0.01-0.08
M

Three electrode system

= A

Hydrogen
evolution is
preferable for
electrodes
charging at high
current density;
at low overall
current density,
the hydrogen
evolution
provides
condition for
dendrite growth

[163]

RRDE

1-7M KOH,
0.01-0.2 M
zincate

Three electrode system

Hydrogen
production
increases with
decrease of KOH
and zincate
concentration; In
zinc secondary
batteries,
hydrogen

is produced
mainly through
zinc electrode
corrosion

[164]

Carbon
composite
plate

8 M KOH
containing
various

concentrations
of ZnO

Three electrode system

Hydrogen
evolved enhances
the mass
transport near the
electrode surface,
affecting the
morphology
transition of zinc
deposit

[165]

2.1.2.5.

zinc electrode

Zinc-based rechargeable batteries with improved performance of

Although the earlier explorations of zinc deposition and dissolution mechanisms were

performed in a fundamental way, the recent works are more oriented towards practical battery

examples especially for the application to zinc-nickel and zinc-air batteries.

Zhang et al. [49] conducted three experiments concerning zinc electrode and zinc-nickel

battery. Firstly, they studied the effect of substrates on their cyclic voltammograms in highly

concentrated alkaline zincate electrolyte (1 M ZnO in 10 M KOH), and concluded that the
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cadmium electroplated on copper was the best among copper, lead and cadmium in the
perspectives of simplicity of reactions on the substrate and the adherence of deposited zinc on
the substrate. Then they used cadmium as the electrode to study the difference between the zinc
deposition in stationary and flowing electrolyte. The results showed that the flowing electrolyte
suppressed enormously the dendrite growth. Lastly, the charge-discharge cycles at the current
density of 10 mA cm were performed with a full zinc-nickel single flow battery (70x70 cm?
electrodes). The battery achieved no deterioration over 220 charge-discharge cycles and high

average coulombic and energy efficiency of about 98% and 88%, respectively.
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Figure 2-7 : Schematic diagram of the experimental device for zinc deposition in flowing electrolytes;
1:Perspex end plate; 2: rubber gasket; 3: flow passage; 4: WE; 5: CE; 6: hole for RE by Zhang et al.
[49]

Ito et al. [130] fabricated a larger zinc-nickel oxide flow battery with a zinc electrode
with a width of 13 mm and length of 1000 mm, which was plated onto copper. The flow battery
configuration and the charged zinc electrode is shown in Figure 2-8. Sintered nickel oxide plate
was the positive electrode. The flow velocity and the charge/discharge rate were varied in a
range of 1.6 - 25.7 cm s™' and C/4 - 1.5C (10 — 60 mA cm™). Generally, electrolyte flowing at
higher velocity attributed to a better battery performance, with at least 85% of coulombic
efficiency and 80% of capacity efficiency. However, the dendrites always appeared even with
high flow velocity. The morphology changed little with the increase of velocity, but the battery
exhibited better performance. The authors explained that the dendrites grew along the direction
of the electrolyte flow. So, the distance between dendrites and the positive electrode was
lengthened, and the flow therefore suppressed the short-circuits, maintaining a good

electrochemical performance.
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Figure 2-8 : Setup of the zinc-nickel flow battery (left) and the zinc electrode (right) [130]

Schmitt et al. [166] presented a 2D-model for shape change of zinc-air secondary battery
emphasizing. They associated the mechanisms of zinc passivation and revealed that
redissolution during discharging had an important effect on the battery cycle-life. They also
concluded that a low current charge was better for obtaining more cycles. Besides, thicker

anodes and higher operating temperature also contributed to longer cycle-life.

2.2. Experimental study

Whereas potentiostatic condition for zinc deposition study is widely chosen for the study
of mechanism and fundamental thermodynamics considerations, in application, galvanostatic
condition is more often performed (a fixed charge time or a fixed current density are defined).
So, in this work, galvanostatic control will be preferred. We chose to work in alkaline
electrolyte, concentrated KOH solutions for stability of the zinc electrode, but will try to
improve its performance. More specifically, we want to understand the effect of LiOH and ZnO
in concentrated KOH electrolyte on the performance of zinc electrode. The goal of this
experimental part is to study the appearance of dendrites and evolution of hydrogen in such

conditions.

2.2.1. Experimental conditions

Cyclic voltammetry (CV) experiments are conducted firstly using an electrolytic cell
with five entries. Prior to each experiment, the electrode is first polished with emery paper. The
cyclic voltammograms vary from different cell conditions. Taking an example of the substrate,
the initiation of zinc deposition onto a copper substrate would result in formation of Zn-Cu
alloy, a monolayer of underpotential deposited zinc, and bulk deposits, while deposition on
cadmium, only bulk zinc deposition occurs [49]. Considering the availability of copper, we use

it as the substrate.
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For the electrochemical studies, a copper wire is used as the working electrode (WE),
platinum wire is the counter electrode (CE) and the Ag/AgCl (3 M KClI) is the reference
electrode (RE). It is protected from the corrosion of KOH by a porous extension filed with
saturated KCI. The three electrodes are installed through the three entries on the cover of the
electrochemical cell, the other two entries are sealed by two plastic corks. The electrolyte
contains 7 M KOH-0.7 M ZnO-0.7 M LiOH. The cyclic voltammetry experiment is
accomplished using a Bio-Logic VSP-2 potentiostat. The potential ranges from -1.8 V to -0.6
V, and different scan rates are applied from 10 mV s to 100 mV s\

The electrolytes with different ZnO concentrations are prepared. Because ZnO is not
very easy to be dissolved in KOH solutions. To make it dissolve a little faster, a much more
concentrated KOH solution is obtained, and ZnO is added in this KOH solution little by little.
Quantically, if 500 mL 7 M KOH-0.7 M ZnO-0.7 M LiOH is needed, 196.385 g KOH (MW
56.11 g mol™! from Fisher Chemical) is dissolved in 200 mL deionized water. 28.483 g ZnO
(MW 81.38 g mol’! from Fisher Chemical) is four-time added. It takes around 1 - 2 hours for
dissolving.

For the dendritic growth studies, two laboratory-made setups have been used to
investigate the diffusion-controlled situation (setup 1) and the convection-controlled situation
under electrolyte flow (setup 2), respectively. The setup 1 and setup 2 both consist of two pieces
of zinc plates serving as symmetrical electrodes.

Static conditions, no convection: The shell of setup 1 is composed of two pieces of
microscope slides, which are sealed completely to study only the static conditions without
flowing electrolyte. This design was done after the work of C. Brissot et al. [167]. The zinc
plates are cut and polished by an emery paper, then rinsed with ethanol and distilled water. Two
longer borders and two surfaces between the slides of the zinc plates are glued with corrosion-
resistant epoxy, so are the side boundaries of the slides. The electrolyte is injected between the
slides with a syringe. Because the setup 1 is totally sealed, it can be used only once under each
deposition condition. Only the edge of the zinc plates is exposed to the electrolyte and to the
electrochemical reactions. So, the dimensions of the exposed electrode are a length of around 8
mm, and a thickness of 0.26 mm, highlighted in yellow line seen in Figure 2-9.

With setup 1, the variables considered are current density from 1 to 40 mA cm™, the
presence of LiOH or not in the electrolyte, the concentration of the zincate ions in the KOH

solution from 0.1 M to 0.7 M, and time varied in hours.
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Zinc plate

Reference electrode

Zinc plate

Counter electrode

Figure 2-9 : The photo of the setup 1 (static conditions with reference electrode)

Convection cell, flowing state: The electrode of cell in setup 2 is similar but the lateral
dimension is 2 cm, so the area of the exposed electrode is 20 x 0.26 mm? as shown in Figure
2-10. The electrolyte is circulated by a pump (REGLO-CPF Digital). The sizes of the space
where the electrolyte flows in the cell are as following: height of 1 cm, width of 2.5 c¢cm, and
length of 10 cm.

The zinc plates are fixed on two screws inside the cell shell, leaving one cross surface
uncovered by epoxy, the other parts including the screws are covered completely. The screws
tip outside the cell are connected to the potentiostat. There is a rubber to ensure the good
tightness between the two shells of the setup. The electrolyte is pumped in and out from two
gas nozzles, respectively. Two tubes are connected to the electrolyte and the setup. The
electrolyte container is closed by a supplementary cover, and the tubes are through two size-

equivalent holes on the cover.

Inlet of electrolyte Observing hole Qutlet of electrolyte

[ = =

l ‘“"‘-._» 4 '

Iinc plate
Flow direction vertical into the paper i

Em;; Flow direction vertical out of the paper

Figure 2-10 : The schematic of the setup 2
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The investigation of the two setups will be classified into two cases, and it will be
detailed separately below. With setup 2, the variables in the experiment are the current density
of 40 mA cm™ and 100 mA cm™, and the flow or static electrolyte. The experimental details
are introduced below sequentially. The flow rate is set at 7.5 mL s™'. Thus, the linear flow rate
of the electrolyte is 1.5 cm s,

All the experiments have been done at room temperature. A constant current is imposed
to the electrodes for zinc deposition and dissolution by a potentiostat (Bio-Logic), and there is
a microscope (AmScope) with a camera to in-situ record the evolution process. All the pictures
are amplified with a magnification of 20x.

The electrolyte has the composition of 7 M KOH-0.7 M Zn0O-0.7 M LiOH. This
electrolyte was originally utilized in reference [140]. The role of LiOH is obscure and we will
try to verify it later. From literature, the LiOH addition in the alkaline zincate electrolyte is
mostly seen in zinc-nickel rechargeable batteries. It can suppress Oz evolution to augment
NiOOH rechargeability [66] and can stabilize supersaturated zincate solutions to prevent zinc
passivation [67]. Besides, the absence of supporting electrolyte was studied theoretically to
have effect of slowing down the instability of zinc deposition [168]. Therefore, the role of LiOH
as additive in the electrolyte will also be highlighted in this work. On the other hand, it is widely
accepted as mentioned above in the small literature review that the dendrite growth is under
diffusion control, flowing electrolyte is adopted to suppress dendrite growth.

Experiments performed under static conditions with setup lare listed in Table 2-3.

Table 2-3 : Parameters of the electrodes and the corresponding deposition conditions

Item  Length/mm Current Electrolyte compositions Time/h
density/(mA cm™)

S#1 7.90 1 7M KOH-0.7 M ZnO-0.7 M 20
LiOH

S#2 8.06 10 7M KOH-0.7 M ZnO-0.7 M 10
LiOH

S#3 7.35 40 7M KOH-0.7 M ZnO-0.7 M 3
LiOH

S#4 7.96 1 7M KOH-0.1 M ZnO-0.7 M 20
LiOH

S#5 7.38 10 7M KOH-0.1 M ZnO-0.7 M 10
LiOH
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S#6 8.35 40 7M KOH-0.1 M ZnO-0.7 M 1.75

LiOH

S#7 6.15 1 7M KOH-0.4 M ZnO-0.7 M 20
LiOH

S#8 6.92 10 7M KOH-0.4 M ZnO-0.7 M 5
LiOH

S#9 7.66 40 7M KOH-0.4 M ZnO-0.7 M 3
LiOH

S#10 6.75 1 7M KOH-0.7 M ZnO 20

S#11 6.40 10 7M KOH-0.7 M ZnO 5

S#12 6.50 40 M KOH-0.7M ZnO 3

Zinc is deposited on the working electrode in all the experiments. The three electrodes are all zinc
plates, which are connected to the potentiostat.

2.2.2. Cyclic voltammetry study on zinc dissolution and

deposition

Cyclic voltammetry study is conducted to locate the potential for deposition and
dissolution of zinc. Because at beginning, the copper is bare and clean, cathodic scan for zinc
deposition should be firstly adopted. A relatively large range of potential range between -2.5 V
and 1.5V (vs Ag/AgCl) is tried to identify the electrolyte window and locate the potential range
for zinc deposition and dissolution. Electrolytes with LiOH and without LiOH are both tested
as shown in Figure 2-11. The water oxidation (oxygen evolution reaction, OER, starts at 0.75
V whereas at a potential lower than -1.8 V we start observing the hydrogen evolution.

The deposition—dissolution reaction of zinc is found to occur at an equilibrium potential
of around -1.6 V (vs Ag/AgCl).

The corresponding current-time curve for Figure 2-11 is presented in Figure 2-12. The
integration of current to time gives the charge with the inserted calculator in the EC-lab software.
The results show that the charges passed through cathodic scans are more than those through
anodic scans, so the charges passed through cathodic scan include those from hydrogen

evolution, namely the cathodic limit of electrolyte window is located.

68



urrent{

e

TM KOH-0.7M ZnO

TM KOH-0,7M Zn-0,7M LiOH

-25% 20 -15% -1 -D5 0.0 0.5 1.0 15 1.0
Potential v Ag/A=sC1/ WV

Figure 2-11 : Potential window of two electrolytes with and without LiOH
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Figure 2-12 : Integration of the current with time during a full cycle scan in electrolyte 7 M KOH-0.7
M LiOH-0.7 M ZnO (top) and 7 M KOH-0.7 M ZnO (bottom)

The zinc deposition and dissolution sequence were further studied in the window from
-0.6 Vvs RE to -1.8 V vs RE, and firstly also via cathodic scan. The copper electrode is polished
and rinsed before putting into the electrolyte. Figure 2-13 shows the cyclic voltammogram of
zinc deposition and dissolution at several different potential scan rates, the insertion is a part

range of potential, for the convenience to compare with the other work as in Figure 2-14 [49].
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Figure 2-13 : Cyclic voltammogram for electrolyte with 7 M KOH-0.7 M Zn0O-0.7 M LiOH at copper
electrode under different scan rates. Reference electrode RE is Ag/AgCl
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Figure 2-14 : Cyclic voltametric curve for potassium zincates solution at copper electrode [49]

Figure 2-13 shows the cyclic voltametric curve for electrolyte with 7 M KOH-0.7 M
Zn0-0.7 M LiOH at copper electrode under different scan rates. According to Li Zhang’s work
[49], the potentials for the bulk zinc deposition and dissolution are -1.45 V and -1.32 V vs
Hg/HgO. And in our work, the corresponding potentials are -1.61 V and -1.41 V vs Ag/AgCl
(3 M KCl), respectively. Except the one of bulk zinc dissolution at -1.32 V, there are other two
anodic peaks at -1.05 V and -0.86 V where the dissolution of Cu-Zn alloy and underpotential
deposited zinc occurs respectively [162]. In our result, there presents only one at -1.21 V. It
should be the dissolution of Cu-Zn alloy. We do not observe a monolayer of deposited zinc at

underpotential nor its dissolution.
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Figure 2-15 : Relation between peak current and potential scan rate

According to Randles-Sevcik equation shown below, linear plot of peak current to
square root of potential scan rate provides evidence for a chemically reversible redox process
controlled by diffusion. As shown in Figure 2-15, peak current indeed relates quite linearly to
the square root of scan rate, which confirms that the zinc deposition and dissolution are

reversible reactions controlled by diffusion kinetics.

nFvD

Equation 2-3 : i, = 0.4463nFAC( )1/2

RT

Where i, is the peak current (A), n is the number of electrons transferred, F is the
Faradaic constant (C mol '), 4 is the electrode surface area (cm?), D is the diffusion coefficient
(cm? s, C is the concentration (mol cm™), R is the gas constant (J K 'mol™'), and T is

temperature (K).

2.2.3. Static case of rechargeable zinc electrode

As introduced above, static case of zinc electrode is studied in the homemade symmetry
cell fabricated by two pieces of microscope slides and two wider zinc plates serving as working
and counter electrodes and one thinner zinc plate as reference electrode. Different current
densities of 1, 10, 40 mA cm™ are imposed on the cell, electrolytes with different compositions
are also infused in the cell for acknowledge of the effect of LiOH and zincate ions in the

electrolyte on the zinc dissolution and deposition while discharge and charge.
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2.2.3.1. Effect of current density in static conditions with cell 1

The zinc deposition has been conducted at different constant current densities in the
electrolyte with the same composition 7 M KOH-0.7 M ZnO-0.7 M LiOH. The evolution of the
zinc deposition at different current densities is shown in Figure 2-16. The corresponding
potential-time curves are shown in Figure 2-17.

From Figure 2-16, we observe that dendrites appear in all cases. Of course, for a same
time they do not grow as large at low current as that at high current. There does not seem to
exist a delay time before the dendrites start to grow. They appear in the very early beginning.
The roughness of the surface is higher when the current density is increased, and the deposit is
more porous and looser. Comparing the pictures of the deposits after 4 hours at 10 mA cm™
with that after 1 hour at 40 mA cm™ in perspective of same coulombic charge passed in the cell,
it shows that the deposit is more porous and dendritic at 40 mA cm™, as seen in the part marked
with red rectangle.

From Figure 2-17, we observe that the overpotentials are negative which is expected for
a reduction reaction. The overpotential at 40 mA cm™ is the most negative as also can be
expected. Their absolute value decreases with time and this may be associated to the increase
of the electrochemical reaction area due to the irregular growth of dendrites.

From Figure 2-16, we also observe that the highest hydrogen evolution occurs at the
lowest current of 1 mA cm™. No hydrogen bubbles are observed at 40 mA cm™ and the behavior
at 10 mA cm is intermediate. This may be explained by the fact that a lower potential increases
the reduction rate of zincate as compared to the kinetics of evolution of hydrogen. Indeed, for
the 10 mA cm™, the initial potential is rather negative at the beginning, and no hydrogen evolves.

When it becomes less negative, hydrogen bubbles appear after 10 hours.
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Figure 2-16 : Evolution of zinc deposition under different current densities (static conditions of cell 1).
The inset in the bottom right compares the pictures at 10 mA cm-4 hours with 40 mA ¢cm™-1 hour
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Figure 2-17 : Potential change with deposition process at different current densities in setup 1

Potential: According to Butler—Volmer equation and the theory on limited reaction
kinetics, higher current density is supposed to end up with a higher overpotential. During
reduction this means that a more negative potential is expected at higher current densities. This
is indeed the case for the initial potentials where potential at 40 mA cm™ is more negative than
10 mA cm?and 1 mA cm™.

But the potentials all increase rapidly at the beginning to reach a constant value. The
increase of potential is faster for the smaller current densities and slower at 40 mA cm™ (Figure
2-17). This potential increase is thought to be relative to the balance between hydrogen
evolution reaction that makes bubble and decrease the reaction area, zinc deposition that is

rough and increases the surface area, and the zinc self-oxidation in KOH that transforms the
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solid surface from metallic zinc to zinc oxide. At high current densities, the deposited zinc
increases the deposition area, and it does not have time to passivate (oxidize). This may explain
why the permanent potential at 10 mA cm™ is less negative (deposition of Zn onto Zn) than for
1 mA cm? (deposition of Zn onto oxidized Zn). Also, as will be discussed below, hydrogen
evolution at 1 mA cm is larger than at higher current densities (10 and 40 mA cm™); Hydrogen
bubbles decrease the deposition area and modify the local current densities.

Hydrogen evolution: At the current density of 1 mA cm, there is hydrogen evolution
at the very beginning. This is indicated by both the fluctuation of the potential-time curve and
the picture captured in-situ. At the current density of 10 mA ¢cm, there is no hydrogen evolution
during the first 3 hours which can be also seen from Figure 2-16 where the transparent bubble
in the view at 5 hours first appeared at around 3 hours. At 40 mA cm?, there is little visible
hydrogen evolution during all the experiment.

The hydrogen evolution seems to be associated to fluctuations of potentials (noise in the
curves) in Figure 2-17. At 1 mA cm™ the curve is always noisy, whereas at 10 mA cm™ the
potential starts fluctuating after 3 hours, just when hydrogen evolution can be observed. At 40
mA cm™, there are no hydrogen and no fluctuation of potential. The curve is very smooth.

Zinc Deposition; At 1 mA cm™, the deposits grow relatively evenly along the electrode
surface and they are quite compact. At 10 mA cm™, zinc is deposited faster (of course) and
more roughly, especially in the beginning, while in the later period when the whole surface is
covered, the deposits grow less selectively with a similar deposition rate along the whole
surface under view. At 40 mA cm?, the deposits are quite dispersed and there are pointed or
sword-like dendrites. The pointed parts or protruding parts grow faster and contact to the near
ones, leaving several interstices between them.

After the current is off, the majority of deposits contract evidently by themselves in the
first 40 minutes, while the deposits on the protrusions continue extending after 2 hours of
current-off, or the very loosely grown deposits are moved by the aid of desorption of a few
bubbles and the accompanied disturbing, as shown in Figure 2-18. This movement does not
happen in the case at 1 or 10 mA cm™. This is mostly attributed to the much more compact and
smoother deposits obtained at 1 and 10 mA cm™ than that at 40 mA cm™.

Concerning the deposits at 1 mA cm?, the change of surface area would be small
because they grow slowly. But there are a lot of hydrogen bubbles evolved all the time which
block the active surface of electrode.

Conclusion: high current densities yield dendritic growth whereas low current

densities yield hydrogen bubbles.
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Figure 2-18 : After cut-off, the change of the deposits

2.2.3.2.  Effect of zincate concentration in the electrolyte
We have studied the effect of the zincate concentration using three different
concentrations of 0.1 M, 0.4 M, and 0.7 M ZnO in the electrolyte. The deposition processes
have been conducted at a constant current density of 10 mA cm™. The results are shown in

Figure 2-19 for the pictures and in Figure 2-20 for the potential-time curves.
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Figure 2-19 : Evolution of zinc deposition at 10 mA ¢cmin electrolytes with different concentrations
of zincate ions
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Figure 2-20 : Potential change with deposition process at 10 mA ¢cmin electrolytes with different
concentrations of zincate ions

The major observations are as follows:

The hydrogen evolution is faster, and the hydrogen bubbles are much larger in the
electrolyte with less zincate concentration as shown in Figure 2-19. They appear from the very
beginning for 0.1 M ZnO and only after a delay with 0.4 M and 0.7 M zincate.

Potentials obtained from deposition in electrolyte with 0.4 M and 0.7 M zincate are
similar, while the curve of potential is observed at a much more negative potential, is very noisy

and shows big fluctuations when the zincate concentration is low (0.1 M) as presented in Figure
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2-20. This fluctuation is probably associated to the formation of large bubbles that hinder the
electrochemical reaction on the electrode surface.

Conclusion: The deposit is much more dendritic, and the hydrogen evolves more in
electrolyte with lower concentration of zincate ions. There may be a critical concentration of
the zincate ions, below which hydrogen evolves very fast, and the potential curve becomes

fluctuated.

2.2.3.3. Effect of LiOH in the electrolyte

We have studied the effect of LIOH by comparing two electrolytes of 7 M KOH-0.7 M
LiOH-0.7 M ZnO with 7 M KOH-0.7 M ZnO at two different current densities of 40 mA cm™
and 10 mA cm™ as shown in Figure 2-21 and Figure 2-22.

At 10 mA cm™, there is no hydrogen evolution in electrolyte without LiOH during the
whole period of deposition for 5 hours. While in electrolyte with LiOH, there appears hydrogen
bubbles in the late period of deposition. At 40 mA cm™, the situation is contrary, hydrogen
evolution occurs in the electrolyte without LiOH, but not in the electrolyte with LiOH, and it
only occurs in the beginning of deposition.

The morphology of the deposits in both electrolytes at the same current density are
similar. Potential is always higher in the case with hydrogen evolution, i.e., deposition in the
electrolyte with LiOH at 10 mA c¢cm™ and without LiOH at 40 mA cm™ show higher potential
presented in Figure 2-23.

Conclusion: Overall, the effect of LiOH in the electrolyte is not clear in the aspects of
hydrogen evolution or dendrite growth, because in different deposition conditions, the results

are different and not regular.

Oh 1h 3h 40 ma cm?

7M KOH-
0.7M LiOH-
0.7M ZnO

7M KOH-
i 0.7M Zn0

Figure 2-21 : Evolution of zinc deposition at 40 mA ¢cmin electrolytes with or without LiOH
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Figure 2-22 : Evolution of zinc deposition at 10 mA ¢m™ in electrolytes with or without LIOH
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Figure 2-23 : Potential change with deposition process at 10 mA ¢cm™and 40 mA ¢cm? in electrolytes
with or without LIOH

2.2.4. Flow case of rechargeable zinc electrode

The following studies have been performed with flowing conditions (using setup 2). We
will observe that much higher current densities are allowed for zinc deposition in the flow

experiments.

2.24.1. Effect of electrolyte flow
The effect of the electrolyte flow has been studied for zinc deposition at a fixed current
density of 100 mA cm™. Experiments were carried out without flow (static) or with a flow rate
of 7.5 mL s which corresponds to a linear flow rate of 1.5 cm s™'. Experiments were limited to
3 hours because the deposits stretch very quickly in the static electrolyte to cover the whole

sight from the microscope as shown in Figure 2-24.
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Hydrogen evolution: At the beginning (first 20 mins of deposition), there is a small
quantity of hydrogen evolution in the flowing electrolyte, and it disappears later. In static
electrolyte, hydrogen evolution is not observed during the whole deposition.

Zinc deposition: in the first 30 mins when the zincate concentration is possibly
concentrated enough for deposition in both experiments, the evolution of the electrode surface
in both cases does not show any difference, except that there are more small protruding tips in
the case of static electrolyte. After 30 min, deposits grow much faster in volume in the static
electrolyte than in flowing electrolyte. Their morphology is also a little sharper in static than in
flowing electrolyte, though not totally sharp during this period.

Potential: The potential is more negative in the static electrolyte than in the flow
electrolyte as presented in Figure 2-25. This probably corresponds to diffusion impedance
(decrease of the zinc concentration) though the electrochemical polarization could be lower
owing to the higher surface area generated from more dispersed deposits in static electrolyte.
During the experiment in the flowing electrolyte, there is little gas bubble which is introduced
from the tube to the cell which can explain the blur pictures shown in Figure 2-24, accompanied
by a sudden jump of potential in Figure 2-25. The gas bubble could be squeezed out from the
cell with flowing continuation.

During the potential increase part in the beginning of the potential-time curves, the
increase slope for the case of flowing electrolyte is higher than that of static electrolyte, due to
the hydrogen evolution. Then they both undergo steady deposition with unchanged potential.

Conclusion: The results also confirm the static experiments which indicate that the
growth of dendrites may increase the surface area, favoring zinc deposition against hydrogen

evolution and that lower voltages favor zinc deposition too.

Oh 0.5h 1h Zh

Figure 2-24 : Evolution of zinc deposition under a current density of 100 mA c¢cm? in static and
flowing electrolyte
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Figure 2-25 : Potential change with deposition process at different flow conditions

2.24.2. Effect of the current density in flow conditions
The experiments were carried out with a constant flow of 7.5 mL s™! corresponding to a
flow speed of 1.5 cm s’'. Considering the effect of current density, zinc deposition was
conducted at three different current densities 40, 100 and 200 mA cm™. Pictures taken during

deposition are shown in Figure 2-26. The corresponding changes of potential between the two

electrodes with time are shown in Figure 2-27.

40
mA
cm?

100
ma

200
ma
cm?

Oh 1h 3h Sh Th 10h

Figure 2-26 : Evolution of zinc deposition under electrolyte flow with time for different current
densities. Remark: Please note that the electrode used during the deposition under 40 mA c¢cm has
already been used in the static case after deposition and it has been recovered by dissolution for 3.5h.
Under this condition, the surface of the electrode before deposition is a little rough due to the deposit
left after deposition and dissolution in the last experiment.
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Figure 2-27 : Potential change with deposition process at different current densities in setup 2. Jumps
in the curves may be associated to the release of big bubbles

At higher current densities, the deposits grow faster, as expected. There is no hydrogen
evolution during deposition at 200 mA cm™ while at 40 mA cm, hydrogen evolution never
ceases in the whole process of deposition.

The decrease of potential in the first ~3 hours of deposition at 40 mA cm™ is possibly
due to the blocking of the electrode area by the adsorbed hydrogen on the initial electrode.
During this period, zinc deposits grow selectively at some places where no bubble is adsorbed,
and they grow relatively faster because of increased local current density.

At 100 mA and 200 mA cm™, the potential first increases and this may be due to the
larger interface area offered by the growth of dendrites.

But for 200 mA cm the potential has a decrease in the final part of deposition, this may
be caused by the increased thickness of the dendritic zone and a worse access of the solution to
the interface with the depletion of zincate ions in this porous layer. During the potential increase
stage (first hour) deposits grow relatively slowly and synchronously along the whole electrode.
Then instabilities appear with zones showing faster growth than other. It can be also seen that
one dendrite grows into several from former branches and tips. Generally, the surface moves
simultaneously. Then after the first hour, the new deposits tend to insert inside the deposits
already grown and densify them, which decreases the surface area. This may explain the

potential decrease (i.e., more negative potential corresponding to larger overpotential for the

reduction of zinc).
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Conclusion: These results again confirm the results in static conditions. The lower
current gives a higher hydrogen evolution and a lower overvoltage (higher potentials, less
negative). At high current densities (in flow condition) large dendrites are formed in a first

step. Then they are filled.

2.2.4.3. Deposition-dissolution cycle

After deposition at 100 mA cm™ for 10 hours, the current direction is reverse for
dissolution during another 10 hours. Figure 2-28 gives the morphology evolution during
deposition-dissolution cycles, and Figure 2-29 presents the corresponding potential change with
time. We should remind that the starting electrode are zinc plates. So, they may also be
dissolved during the oxidation step.

Comparing the first picture before deposition and the last picture after dissolution, we
can detect that the initial zinc plate has been slightly dissolved after one cycle of deposition-
dissolution. This is expected because the parasitic hydrogen evolution causes the coulombic
loss during deposition, so the deposited zinc is not enough for the dissolution sequence during
the same time. Since the electrode is also zinc, the dissolution will also dissolve part of the
electrode. This can be seen because the dissolution goes deeper than the initial surface (to its
left on the figure).

Also, we observe that some deposits remain on the initial zinc. It may be because the
contact between the deposits and the electrode is quite loose and they are disconnected. After
dissolution for 5 hours, there appears a bubble. The current is oxidizing so it cannot be
electrochemical generation of hydrogen. The potential during dissolution is low so it cannot be
oxygen either. We made two hypotheses: the gas may be the hydrogen generated during the
deposition cycle, but which remained adsorbed or trapped in the porous deposits. When the
deposits are dissolved, the hydrogen goes out, as in the case of reference [162]. Another
possibility maybe the direct evolution of hydrogen by reaction of water with the fresh zinc
surface generated by the dissolution:

Zn + 2 OH + 2H>0 = Zn(OH)4* + H,

This zincate formation could induce zinc oxide film afterwards.

From Figure 2-29, after 5 hours of dissolution, the overpotential increases. Based on
this, there is most likely a zinc oxide film formed, accompanied with hydrogen evolution, which

increases the electronic impedance and hence increases the overpotential during dissolution.
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Conclusion: We can observe that the rugosity obtained during deposition will be

amplified during the deposition. This explains that “dendritic growth” may be increasing

upon cycling the electrodes.
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Figure 2-28 : Evolution of zinc deposition and dissolution under current density of 100 mA ¢cm™in
flowing electrolyte
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Figure 2-29 : Potential change with deposition and dissolution process at 100 mA cm™in flow
electrolyte

2.2.44. Cyclability

We have studied the effect of four consecutive cycles on a zinc electrode. The conditions
are a current density of 100 mA cm™ in a flowing electrolyte of velocity 1.5 cm s™'. Cycle
periodicity was 3 h of charge and discharge. Both starting electrodes are zinc plates. The results
are shown in Figure 2-30 and Figure 2-31.

During the first two cycles, the deposition and dissolution are both similar at the same
designated time, which means at beginning, the electrode is quite reversible. While with more
cycles, e.g., for the third and the fourth cycles, the deposits start to grow so loosely that intervals

are evidently seen between the deposits during both deposition and dissolution.
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As is discussed in the last experiment, the initial zinc would be corroded after
deposition-dissolution cycle with remaining deposits on the surface. Dissolution always results
in a rougher surface of electrode.

Mention should be referred that at beginning of each cycle of deposition, there is no
visible hydrogen evolution, and after the second cycle of deposition, the hydrogen evolved
during the dissolution step remains present in the system. After the last cycle of dissolution
when the electronic circuit is open, hydrogen continues to evolve, which probably shows it is
generated by a direct chemical reaction (no galvanic chemistry involved).

For the potential change during the cycles, the dissolution half-cycles show similar trend.
Interpretation is complicated because we used a two-electrode system where the two zinc plates
alternatively serve as a working electrode and a counter electrode/reference electrode,

respectively.
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Figure 2-30 : Four cycles of deposition and dissolution at 100 mA cm?in flowing electrolyte. Before
the experiment, the electrode was aged as follows; Aging conditions: After 20 hours of deposition and
dissolution in flowing electrolyte and another 20 hours in static electrolyte, the electrodes keep still
and undergo another four cycles of deposition-dissolution, each cycle for 6 hours, each 3 hours for
deposition or dissolution
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Figure 2-31 : Potential change of the four cycles of deposition and dissolution process at 100 mA cm™
in flow electrolyte

2.24.5. Cycle test with copper substrate

To avoid the dissolution of the initial zinc electrode, we have replaced the zinc plate
with a copper plate as the working electrode to conduct deposition-dissolution cycles. The
counter/reference electrode is still a zinc plate. The cycle test on a copper substrate is also done
with the same experimental parameters: a current density of 100 mA-cm™ is used during both
deposition and dissolution, and flow rate of 1.5 cm s™. The electrolyte and the setup are kept
the same with former experiments. For each deposition, the time is still set for 3 hours. But,
instead of setting a time-scale limit during dissolution, we imposed a potential limit of 1 V on
the electrodes during dissolution to avoid oxidizing and dissolving copper and meanwhile make
sure that deposited zinc has been totally dissolved. In this case, 5 cycles of deposition-
dissolution have been conducted.

At the beginning of the first cycle, there appear small bubbles along the surface of the
copper substrate. A few of the small bubbles become bigger and deposition is also accompanied
with a slow growth rate within this short period of time.

Around 20 min later, some instability appears, and deposits start growing much quicker
than the others and dendritic growth appears. Hydrogen evolution is not observed anymore.

The dissolution appears reversible. Dendrites disappear and a smooth substrate is
observed after the dissolution finishes and the potential reaches 1 V. There are still few deposits
on the copper substrate along with small bubbles. The following cycles are similar to the first

onc.
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The potential change is quite fluctuated during all cycles of deposition. While during
dissolution, the potential is rather steady. This may be related to the reaction occurring on the

zinc plate, namely reference electrode.
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Figure 2-32 : Five cycles of deposition and dissolution onto copper at 100 mA ¢cmin flow electrolyte.
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Figure 2-33 : Potential change of the five cycles of deposition and dissolution process on copper
substrate at 100 mA cmin flow electrolyte

2.2.4.6. Growth rate of deposits

Even though the pictures captured by the camera are not the full view of the electrode
because they give a 2D image of a 3D process, they can generally represent the evolution of
deposits. We have measured the area of the deposits to have a rough quantification of the growth
rate.

The pictures captured are turned into black and white images, then the black deposits
are selected out, and the ratio of its area to the whole image area is related using the
Matlab2019a. Thereafter, the change trend of this area ratio with time is depicted. Because the
pictures are 2D projection of the shadow projected by the zinc electrode and the deposits, the
area could not reflect the mass of the deposits especially when the deposits are porous or
dispersed. Considering the current is kept the same, the mass of deposits should be linear with
time assuming that coulombic efficiency is 100% during deposition or dissolution. Based on
this, if the area ratio changes faster in one cycle, it may indicate that in this cycle, the deposits
are more porous and dispersed.

The pictures recorded from the cycle experiment every one hour in Figure 2-30 have
been treated and the corresponding change of deposits area ratio is shown in Figure 2-34. We
observe that the growth area of zinc deposits is generally linear with time, and in each cycle,
the area change is faster during deposition than dissolution as shown by the linear slope
obtained from fitting. This is in accordance with the fact that there remain deposits on the

electrode.
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Within the same period, the area ratios during deposition and dissolution are not the

same, and area ratio of dissolution is always smaller, this is because the dissolution would prefer

firstly occurring in the edges of the electrode rather the middle part as discussed above. As a

result, the area change is slower in the later period than in the beginning of dissolution. The

area ratio of the zinc electrode remains nearly the same after each cycle of deposition-

dissolution despite that the electrode becomes rougher and rougher. The rate of area change

generally increases with the cycles. This increase means the deposits are more dispersed upon

cycling.
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Figure 2-34 : The evolving of dendrite area ratio for the four cycles of zinc deposition and dissolution

2.3.

as follows:

at 100 mA cmin flow electrolyte as in Figure 2-30

Conclusion

Three setups have been used to study the zinc electrode and the relative conclusions are

1) Three-electrodes system in an electrochemical cell
e Zinc dissolution and deposition are diffusion-controlled reactions.
¢ No evident difference is generated from the presence of LiOH between
the electrolytes of 7 M KOH-0.7 M Zn0O-0.7 M LiOH and 7 M KOH-0.7
M ZnO, in term of cyclic voltammogram within potential window of the
electrolytes.

2) Static geometry
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For a same amount of charge, the higher current density gives more
dispersed zinc deposits. At 1 mA cm?, the deposits are compact with
little surface shape change. At 10 and 40 mA cm?, there are evident
blunt-sword dendrites, and at 40 mA cm™ the deposits are more dispersed
with sharper tips.

The lower zincate concentration in the electrolyte gives more dendritic
zinc deposits with sharp sword-like shape.

The potential change with time in the chronopotentiometry experiment
is a result from the effects of evolved hydrogen adsorption and the non-
uniform deposition.

In term of galvanostatic zinc deposition and microscopic observation,
LiOH in the electrolyte does not bring a clear effect on zinc deposition.
Hydrogen evolution is easier at lower current density and in electrolyte

with lower zincate concentration.

3) Flowing electrolyte

Flowing electrolyte evidently promotes the suppression of dendrite
growth. Higher current density can be applied with flowing electrolyte.
Hydrogen evolution is easier to occur in flowing electrolyte.

With more deposition-dissolution cycles going on, zinc plate becomes
rougher and rougher.

The growth of deposits and their dissolution is linear with time under
galvanostatic charge and discharge. Specifically, dissolution rate is

higher in the beginning of discharge than in the later period.
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Chapter 3

Catalyst synthesis and

characterization

3.1.

ORR catalysis mechanism

Generally accepted is that there are two pathways for oxygen reduction reaction in

aqueous solution. One is four-electron pathway, where oxygen is directly reduced to OH™ in

alkaline media, which is preferably for ORR catalytic activity; the other is two-electron pathway

where HO;" is formed firstly in a first step, then it is reduced to OH™ in a second step; in acidic

media, OH and HO;™ are replaced by H>O and H»O», respectively [169]. Table 3-1 presents the

ORR pathways and the corresponding standard reaction potentials in aqueous electrolytes.

Table 3-1 : ORR pathways and reaction potential in aqueous electrolytes [170]

Electrolyte Reaction pathway Standard reaction potential (V vs. NHE)
Four-electron pathway
Alkaline 0:+2H0+4e=40H +0.401
electrolyte Two-electron pathway
02+ H0+2e=HO2+OH | -0.065
HO; + H,O +2 ¢ =3 OH" +0.867
Four-electron pathway
Acidic O,+4H " +4¢ =2H,0 +1.229
electrolyte Two-electron pathway
O +2H" +2 ¢ =Hx0, +0.67
H,O:+2H" +2 ¢ =2 H,0 +1.77

For the kinetics of ORR catalysis, it is more complicated regarding the complex

intermediate reactions and products with different catalysts and electrolytes. Only concerning

the oxygen species, it is classified into two different mechanisms: associative or dissociative

mechanisms in both alkaline and acidic electrolyte. Their difference lies in the adsorption forms

of oxygen.
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In the associative mechanism, ORR begins from associative adsorption of the O:
molecule whereas, in the dissociative mechanism, O adsorbed on free sites directly dissociates
into two Oqads). Table 3-2 lists the general oxygen species evolution during ORR in alkaline and
acidic electrolyte in two pathways. The peroxide way occurs at the third step in associative

mechanism, and at the second step in dissociative mechanism, respectively [169].

Table 3-2 : ORR mechanisms in alkaline and acidic electrolyte

Mechanism Alkaline electrolyte

Hydroxide as final product Peroxide as final product

(1) Oz + *—>02(aas) (1) O2+ * — On(ads)

o (2) Oz(ads)+ H20 + € — OOH ags) + (2) Oz(ads) + H2O + € — OOHags) +

Associative

OH" OH"
mechanism

(3) OOHadgs) + € — Oqads) + OH" (3) OOH(ags)+ € — OOH™ + *

(4) O(ads) + HZO +e¢ — OH(ads) + OH_

(5) OHgagsy+ € — OH + *

(1) 1/2 O2+ * — Oads) (1) 1/2 O2+ * — Oads)
Dissociative

(2) O(ads) + HZO +e — OH(ads) + OH_ (2) O(ads) + OH_ — OOH_ + *
mechanism

(3) OH(ags)+ € — OH + *

. Acidic electrolyte

Mechanism

Hydroxide as final product Peroxide as final product

(1) O2+ * — Oxads) (1) O2+ * — Onaas)

(2) OZ(ads) + HJr +e — OOH(ads) (2) O2(ads) + H+ +e — OOH(ads)
Associative

(3) OOH(ags) + H" + € — Oqudgs) + H2O | (3) OOH(gs) + H" + & — H202 + *
mechanism

(4) Oads) + H" + € — OH{aas)

(5) OH(ags) + H" + & — H2O + *

(1) 1/2 O2+ * — Oads) (1) 1/2 O2+ * — Oads)
Dissociative

(2) Oads) + H" + € — OH{ads) (2) Oads) + H2O — OOH + H" + *
mechanism

(3) OHgs)+ H" + & — H,O + *

Note: * represents a surface free site on catalyst

There is no unified conclusive mechanism for ORR [171]. Taking metal oxide catalysts
into consideration, commonly reported are three hypothetical reaction routes of the ORR in
alkaline electrolyte which are shown in Figure 3-1. The (a) ‘end-on’ adsorption route

corresponds to the associative mechanism, and (b) ‘side-on’ adsorption route corresponds to
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dissociative mechanism mentioned above. Route (c) is more like an intermediate state of route
(a) and (b) where bidentate adsorption takes oxygen vacancies into consideration.

In route (a) (end-on adsorption), the starting state al is the OH covered surface; a2
results from O adsorption on one metal site, displacing OH coverage; a3 is the protonation of
a2, resulting an OOH group; finally, O-O bond on OOH group breaks and protonates to form
an OH group, returning to the original state. Route (a) is exemplified on the rutiles IrO2, RuO,,
the pyrochlores PboRuz.xPbxO7.y and the perovskites SrixNbxO3[172].

In route (b), side-on adsorption, the state of bl presents the same with al, while Oz is
adsorbed on two neighboring metal sites, which is followed by O-O bond and formation of
metal dimer b3; then b3 is pronated to finish the catalytic circle. Li-doped NiO and perovskite
Lao5Sro.5CoO3 are reported to undergo route (b) [173, 174].

In route (c), the surface presents oxygen vacancies. One oxygen of the O> molecule fills
the vacancy, the other one displaces the OH™ surface group, resulting in c2 as a superoxide,
which is followed by protonation to be c3. Then the bridging oxygen is protonated to form c4,
after discharge and releasing OH, vacancies are recovered [171]. This process was proposedto

explain the mechanism of ORR on SrCoOs.5 perovskite oxides [175, 176].

(a) End-on adsorption (b) Side-on adsorption {c) Bidentate adsorption
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Figure 3-1 : Hypothetical proposals for electrolytic reduction of oxygen to hydroxide in alkaline
media. Prototypical O, adsorption in (a) end-on configuration, (b) side-on configuration and (c)
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bidentate configuration with participation of a lattice oxygen vacancy [171]; the schematic below is
corresponding to the above routes, route (a) corresponds to reference [177]

3.2. Catalysts for ORR and OER

In commercial primary zinc-air batteries and rechargeable zinc-air fuel cells, Pt/C and
MnO; are the most applied catalysts for ORR. Pt-based catalyst has the problem of low stability
in concentrated alkaline electrolyte; the catalytic activity of MnO is relatively low [20]. Their
performance is still to be improved.

Noble metal-based catalysts continue to improve in perspectives of price reduction and
stability enhancement. Noble metal (Pt, Au, Ag, Pd and Ru) clusters, noble metal-transition
metal alloys are investigated to have higher activity and better stability on ORR catalysis, as
reviewed in [178-180]. Transition metal-based catalysts like metal alloys, oxides,
hydro(oxy)oxides, perovskite, spinel oxides are developed to show good ORR, OER catalysis
performance, or as bi-functional catalysts for both ORR and OER. Metal-free carbon-based
catalysts are widely reported as well to have superior bi-functional performance applied in air
electrodes [181, 182]. Metal/carbon hybrid catalysts combine the advantages of both metal-

based and carbon-based catalyst, outstanding oxygen electrocatalysis [183-186].

3.2.1. Noble metal catalysts

Noble metals for OER reaction: Noble metals have been applied in a plethora of fields

as catalysts. For ORR catalysis, Pt is the most reported and applied case. The intrinsic activity
of Pt on ORR is usually studied on Pt single crystals. Their structures and sizes are deemed as
the main factors influencing their catalytic activity. Structure is decided by the bonding
geometry, resulting in different particle shapes and sizes, bounded by different facets, andthus
having surface atoms with different reactivities (low or high coordinated), which are often
termed as structure effect, electronic effect and ensemble effect as in [187, 188], they interfere
with each other.

Overall, the effective approaches to improve the activity of catalysts for ORR or OER
can be either to increase the number of active sites via support application, morphology control,
or to increase the intrinsic activity via alloy or electronic structure tuning, as schematically

shown in Figure 3-2.
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Catalyst development strategies
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Figure 3-2 : The effective approaches to improve catalyst activity [27]

The high-index facets have higher activity than low-index facets because high-index
facets are associated with multiple atomic steps, edges, and kinks [189-191]. Size effect of Pt
on ORR catalysis usually studied using supported Pt catalyst is linked to the facet distribution
and the structure sensitive adsorption, which can be explained from the standpoint of single
crystal shape and size. When particle sizes decrease from 5 to 1 nm, facet {111} decreases a lot
[188]. In a weakly adsorbed electrolyte, like dilute HC1O04 or KOH, facet {111} is more active.
While in strongly adsorbed electrolyte, like diluted H2SO4, H3PO4, {100} facet is more active
[187]. Concave Pt nanocubes were reported to have lower activity than the Pt/C catalyst for
ORR catalysis because of their relatively larger size and therefore smaller portion of active Pt
atoms on the surface [192]. Some authors reported that the specific activity of Pt/C is not
dependent on particle size even in a range of 1 - 5 nm, which is not predictable from a point
view of single crystal [193]. To explain the different conclusions, different reaction mechanisms
or other decisive parameters on ORR catalytic activity were proposed, e.g., interparticle
distance [193-195].

Non-precious supports or alloys are useful for price reduction and activity enhancement
[196]. Bimetallic Pt alloys e.g., Pt-Ni and Pt-Co bulk alloys are reported to have higher activity
towards ORR because Pt crystal is more prone to form Pt-OH which is less active than the

bimetallic alloys. The second metal Ni or Co plays a protective rather a synergistic role [187].
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But Pt-Pd binary superlattice was reported to have synergistic effect for ORR activity [197].
There are various types of Pt alloys synthesized to show good ORR catalytic activity, including
Pt-transition metal binary, ternary, or quaternary alloys considering the compositions; porous
alloys, nanowires, nanotubes, nanorods alloys considering their structures and morphologies
[188]. Core-shell structured particles with Pt monolayer positioned at shell are widely studied.
Core materials, compositions and structures have a large influence on the core-shell particles,
e.g., Shao et al. [198] synthesized Pd-Cu@Pt, which showed higher ORR activity than Pd@P,
Au(111)@Pt was two times more active than Au(100)@Pt and Au(110)@Pt due to the
compressive strain in Au(111) facets which weakened the oxygen binding strength [199].
Similarly, AuNiosFe@Pt showed better performance compared with Au@Pt [200]. The good
performance of such core-shell systems is attributed to the complex electronic effect and a
structural effect, like compressive strain, ligand formation, surface roughness etc. [188].

It was reported that the ORR activity of the different oxidation states of Pd increased
with its valence state: Pd’ < Pd*" < perovskite-type ionic compound Pd*"#* [201]. Pt is not
suitable for OER catalysis because at the higher potentials, OH species cover Pt surface to form
Pt oxides which decrease its activity [202].

Ir, Ru oxides and alloys are better choices for OER catalysis [203]. Like Pt in ORR
catalysis, Ir or Ru synthesized to form various structures from 0D to 3D morphologies
(nanoclusters, nanowires, nanorods, nanotubes etc.) have enhanced activity for OER. This has
been related both to electronic effect and structural effect, leading to change of bonding towards
the intermediates formed during adsorption on the catalyst surface [203]. The single Ir¥ atomic
sites on the top atomic layer of IrO; transformed from Ir'Y are deemed to be preferable for the
formation of OOH intermediates in the oxide-hydroxide-oxide path during OER process [204].
Tuning the composition often offers an electronic effect, as exemplified in [205] where doping
Cu in IrO; could change the d-orbital occupation from low spin Ir(t2g e,") to partially filled e,
orbitals. Likewise, bimetallic, or multiple metallic alloys also have an activity enhancement.
The active surface sites of the Ir alloys (Ir-Co, Ir-Ni, Ir-Fe, Ir-Cu) are agreed to be Ir at oxidized
states. Similar to the electronic effect of Cu doped IrO., the Ir alloys are also prone to have a
partially occupied e orbital, which optimizes the bonding strength toward the adsorption of
intermediate species [206] which is also seen in the Ir-Cu nanoframes and Cu-Rh core-shells
and Rh-Cu twinned nanorod frames [207].

Reducing the particle size of Ir to nanoclusters or single atoms would dramatically
enhance the activity for OER. Zhang et al. [208] realized the incorporation of Ir nanoclusters

and Ir single atoms into Co(OH)2 nanosheets. With the two active sites of transformed Ir oxide
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and CoOOH, it yielded comparable and even better OER performances than commercial IrO>
in neutral and alkaline electrolyte. From the above, except for the size effect, the substrate-Ir
interaction is also highlighted. Metal-support interaction studies have expanded to various
forms of carbon materials which can adjust the loading content of noble metal, specific active
sites (per surface area), electronic structure, corrosion resistance, charge transfer rate, etc. [203].
The Rh nanoclusters loading content can be reduced to 6.7 wt.% on support of single-walled
carbon nanotubes [209]. It is indicated that the density of state of carbon materials is linked to
their electronic polarization capability, and it is commonly sequenced as below: single-walled
carbon nanotubes > multi-walled carbon nanotubes > graphene > carbon black, which is
accordance to their electrocatalytic performance [210]. Surface physicochemical properties of
catalysts is very important for the OER catalytic activity. Surface morphology sculpture
techniques are applied to create high-index facets, islands, or nanodendrites from a template
decoration approach, to form hollow structures from a template etching method [203]. Lu et al.
[211] reported platinum-gold nanoparticles to be a good bi-functional catalyst, having surface
Au and Pt atoms primarily responsible for ORR and OER.

As a conclusion, noble metals for ORR and OER catalysis are still on development as
well as the determination of their catalytic mechanisms. Size effects accompanied with
structural effects from the micro and macro perspectives are deeply and widely researched. A
pool of noble metal-based catalysts is designed and synthesized according to specific electronic
effects. New discoveries are always expected, more blameless and intrinsic principles should
be unveiled. The perspective may also be projected to the bi-functional oxygen electrocatalysts,
as is already reported in a few studies [212], that Pt-based catalyst may have good potential for
both ORR and OER.

3.2.2. Carbon-based metal-free catalysts

In the field of oxygen electrocatalysis, metal-free catalysts have been pursued
intensively, especially after the appearance of an outstanding work about a vertically aligned
nitrogen-doped carbon nanotube (VA-NCNT) arrays which could exhibit 3-times higher
activity than that of Pt/C and better cyclability applied in alkaline fuel cell owning to the high
surface area, good electrical, mechanical properties, and superb thermal stability [213].
Subsequently, N-doped graphene and graphitic flakes [214-216], various heteroatom-doped
carbon materials, e.g., B-doped CNTs [217] or graphene [218], S-doped graphene [219], P-
doped graphite layers [220], I-doped graphene [221] and edge-halogenated (Cl, Br or I)

graphene nanoplatelets [222]; binary or ternary doping of different heteroatoms into carbon
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materials e.g., B, N co-doped VA-CNTs [223] or graphene [224], N, S-doped graphene [225],
N, P-doped graphene [226], N, B, P-doped carbon [227] were widely investigated. Aside from
this, clever structural design of carbon materials also makes a difference.

The commonly seen carbon materials including graphene, carbon black, CNTs, CNFs
(carbon nanofibers), mesoporous carbon, or activated carbon, etc. usually have little activity
towards the ORR. However, the electrocatalytic activity of the carbon materials can be
enhanced by heteroatom doping which could greatly alter the electron distribution of dopants
and adjacent C atoms via the delocalization of & electrons, and by C defect/vacancy which could
also destroy the unity of T conjugation and influence the electronic structure of adjacent C atoms
[228].

The ORR mechanism on N-doped carbon materials demonstrated that carbon atoms next
to pyridinic N show Lewis basicity and the oxygen molecule is first adsorbed at such carbon

atoms followed by protonation of the adsorbed O as shown in Figure 3-3 [229].
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Figure 3-3: Schematic ORR mechanism on N-doped carbon materials [229]

3.2.3. Metal/carbon hybrid catalysts

Though metal free catalysts are under a massive development, metal-based catalysts are
generally more stable than carbon-based materials under strong oxidation atmosphere [230],
the metal/carbon hybrid catalysts attract much attention. More correctly speaking, the hybrid
catalysts all present synergistic effects, they function with multiple types of active sites via
possible chemical bonding between the two different materials, usually synthesized from metal

materials nucleation and growth on the nanocarbon materials [231]. Here, conventional
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composite electrodes with catalysts and carbon materials of which the main contribution is the
electronic conductivity enhancement by physical contact, rather the electronic structure tuning
effect between the carbon materials and the metal catalysts, whereas they also make positive
effect on the overall catalytic activity for ORR or OER [232-234]. Various forms of carbon
(e.g., carbon black, graphene, carbon tubes, carbon fibers, and graphene) could be used to
overcome the low electrical conductivity of the metal oxide-based catalysts. Up to now, noble
metal, non-noble metal, metal oxides are variously hybridized with carbon materials in different
structures [181], as simply listed in Table 3-3 as the representatives.

Transition metal nitrides or phosphides and the hybrid with carbon materials were also
reported to have good ORR catalysis taking advantage of the great electronegativity difference
between metals and N or P, e.g., FeaNiaN/Co@NCNT [235], cobalt phosphide embedded into
a nitrogen, sulfur, phosphorus co-doped carbon matrix [236], FesPt/NisFeN bifunctional
catalyst [237], Co,P—CoN double active centers confined in N-doped carbon nanotube

Co2P/CoN-in-NCNTs [238], carbon-supported MxPy (M = Ni, Co, W, Cr, and Mo) [239] etc.

Table 3-3 : Some metal/carbon hybrid catalysts for ORR or OER

Metal Carbon SEM or TEM image Catalyst and Ref.
material material
Co304 N-doped C0304/N-rmGO

graphene [184]

FeCo bimetal | CNT FeCo—CNT [240]

Co—Ni Electrospun Co—Ni/CNF
nanoparticles | graphitic [241]

carbon

nanofibers
CoO N-CNT CoO/N-CNT
nanocrystals [242]
CoFex04 Rod-like CFO/RC [243]
(CFO) ordered
nanoparticles | mesoporous

carbon
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Cubic cobalt | Multi- cC0304/MWCNT
oxide walled s [244]

carbon

nanotube
BaMnO; C nanorods BaMnO3@5%C
nanorods nanorod [245]

FeNi alloy N-doped
carbon

FeNi-NC [246]

3.2.4. Transition metal catalysts

As mentioned above the transition metals could on one hand play a role as an additive
in noble metal-based catalysts for ORR or OER by tuning their special electronic and structural
effects, where noble metals occupy the active sites. On the other hand, they can also function
as active catalysts for ORR and OER themselves. Transition metals are widely used as catalysts
in the form of oxides, either as single metal oxides (e.g., MnOy, C0304) or as mixed oxides
(perovskite oxides, spinel oxides etc.). Since most of the oxides used are late transition metals
with filled eg orbitals (Mn, Co, Ni...), they form basic oxides that must be used in alkaline
electrolytes because they are not stable in acidic solutions which dissolve them [247]. The metal
cations on catalyst surface are deemed as the active sites for ORR [248]. Besides, transition
metal phosphates, chalcogenide materials have been also studied as oxygen electrocatalysts
[249, 250]. Studies about ORR on oxides catalysts have been put forward since 1970s.
Enormous efforts have been made to understand the mechanism of ORR and the main
parameters influencing activity of the catalysts, empirical and intrinsic conclusions were
obtained by the aid of technique advancement and multiple-angles insights. Some requirements
have been proposed for ORR oxide electrocatalysts [171].

An electronic conductivity higher than 10° Q' m™ is the first requirement for a good
electrode. The electronic conductivity of perovskites varies for different transition metals. They
can be insulating or metallic. D. B. Meadowcroft et al. [251] studied several different transition
metal oxides including NiO, In;03, SnO», CoO, LaCrO3, LaCoO3, PrCoO3, StMoOs3 for ORR

activity, discovering that only cobaltite was active for ORR. Comparing the properties of
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LaCrOs and LaCoOQ3, it was concluded that both N and P-type conductivities were possible for
oxygen adsorption. Bevan et al. [173] proposed that the paramagnetic property of the catalyst
should be a requirement for good ORR activity, based on the ‘side-on’ adsorption model of the
paramagnetic oxygen molecule. Lithium-doped NiO showed great catalytic activity towards
ORR above its Neel temperature (in the paramagnetic state). However Larsson et al. [252]
conducted a very systematic work on 26 different perovskite oxides with different magnetic
moments, but they demonstrated that there was no significance relation between the magnetic
property of the perovskites and their activity towards ORR. The important fact is only that they
need to be conducting to optimize electron transport.

Instead of ‘side-on’ oxygen adsorption mechanism, ‘end-on’ type oxygen adsorption
was proposed more reasonable in the case of perovskite oxides because of the intrinsic
incompatibility between the crystal structure of perovskite oxides and oxygen molecule [253].
According to the ‘end-on’ oxygen adsorption, it was easily accepted that oxides with ¢* band
formed by an e, orbital of transition metal cation mixed with s-ps orbitals of O in M--O--M (M
denote transition metal) would be better for their catalytic activity, owing to the easiness of e
orbital interaction with oxygen. Based on the above, Matsumoto [247, 253, 254] supported
qualitatively that the catalysts with ¢~ band containing electrons was a decisive factor on the
catalytic activity of perovskite oxides through a thorough study on LaNii.xMxO3, La1.xSrxMnQOs,
LaTiOs, SrVOs, SrRuO3, and V.2 Ti1803 that varied with conducting band. Suntivich et al. [177]
studied a series of perovskite oxides with various A sites and B sites, accompanied by different
eg, t2g occupations. The relation between activity of the catalysts (around 4 orders of magnitude
in intrinsic ORR activity) and their eg filling presented a volcano shape as shown in Figure 3-4
(a). This “‘descriptor’ accords to a M-shape relationship between the activity and the d-electron
numbers per B cation. This could be high spin d* such as Mn** (3d* (t2¢)*(eg)! in octahedral
field) or low spin d’ such as Ni*" (3d” configuration (t20)%(e)' in octahedral field). Meantime
the effect of B-O covalency of the perovskite oxides on the catalytic activity was also
investigated under the same e filling, it was found that the covalency or hybridization of the
B-O bond also played a role that the perovskite oxide with higher hybridization of B-O bond
produced higher catalytic activity for ORR, as shown in Figure 3-4(b). Analogue to the analysis
for ORR, the OER activity also has a volcano-shape relationship with the e filling [255].
Suntivich et al. [256] further indicated a similar mechanism of ORR on transition metal oxides
and noble metal Pt, the Oo/OH™ exchange model and the rate-determining step was governed by

the O binding strength.
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Petrie et al. [257] studied the strain effect on oxygen electrocatalysis of LaNiO3 thin
film. Combining with DFT (density functional theory) calculation, they revealed that the strain
could induce the orbital splitting and polarization as well as the surface asymmetry which was
not like d-band center theory. Besides, as an analogy with d-band center of metal relative to
Fermi Level (EF), they proposed a new parameter eq-center (Eeg) which was determined by
weighting the center of each state to its orbital occupancy at the surface, to describe the catalytic
activity. They concluded that the compressive strain induced a lower Eeg, which destabilized
Ni-O chemisorption and increased bi-functional activity of LaNiO; for ORR and OER, as
schematically explained in Figure 3-4 (c) and (d). Other DFT work was also applied to dig into
the mechanism and the main factors of ORR or OER on perovskite oxides. The OH" or O°
coverage on the surface of oxides were found to be relative to the surface stability, taking the
coverage into account, a more correct method was found to model and calculate the ORR
process on perovskite oxides [258].
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Figure 3-4 : (a) Potentials at 25 nA cm™ as a function of e, orbital in perovskite-based oxides; (b)
Potentials at 25 pA cm™as a function of the B-O covalency, which is estimated by the normalized
absorbance at e,-filling = 1 [177]; (c¢) Position of the centroids calculated from DOS for the e, states
and the eg-center (Eeg) with respect to Eras a function of strain; (d) Schematics relating this trend in
perovskites to the d-band center (Eq) in Pt. While changes in bandwidth play a significant role in Eq
shifts for Pt group metals, orbital splitting and polarization have a greater effect at the asymmetric
surface of correlated perovskite oxides such as LaNiO3 [257]
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Transition metal alloys: Transition-metal selenides (MxSey, M =Fe, Co, Ni) and their

carbon hybrid catalysts are also widely used for electrocatalysis of OER and ORR [259]. Yang
et al. [246] synthesized FeNi alloy and N co-doped carbon as the catalyst in oxygen electrode
of'a home-made Zn-air battery which displayed excellent charging and discharging polarization

curves and robust cycle stability, superior to the 20% Pt/C+IrO;-based one.

Single transition metal oxides: Among all the oxides, manganese and cobalt are most
applied as the active sites for their valence variability. Their catalytic activity depends on
chemical composition, crystallographic structure, oxidation state, morphology, and surface area
from a macro view [260], while intrinsically, all is about electronic and structure effects.

Manganese oxides (MnOx) were reported for ORR catalysis early in 1973 [261]. Up to
now, MnOz, Mn304, Mn203, MnsOg, MnO, MnOOH are all reported to have ORR catalysis
activity in alkaline electrolyte [262-266]. Among them, MnOOH was thought the most active,
because all other structures would transform to MnOOH during the catalytic reaction of ORR
[267]. The difference of the catalytic activity of MnOx for ORR in alkaline electrolyte was
thought to be in the second step of O reduction to OH", namely HO> to OH". While for the first
two-electron process from Oz to HO", MnOx showed no difference [268]. MnO» with different
crystal structures vary in their activity for ORR catalysis, it was generally accepted with the
following sequence: B-MnO; < A-MnQO; < y-MnO> < a-MnO> = §-MnO> [269]. There also
existed a controversy about the position of 3-MnO, possibly because of different synthesis
processes yielding different surface areas and morphologies. The 6-MnO; phase prepared by a
sol-gel method adopted in [270] showed highest activity among the different crystallographic
structures, while in [271] hydrothermal process was applied, 3-MnOz presented lowest activity
towards ORR. Besides, B-MnQO: also presented a controversy in the work [262], where B-MnO»
was testified to have higher activity than A-MnO; as in Figure 3-5(e), this was possibly caused
by the effect of morphology according to the authors. The a-MnO> nanowires presented higher
activity than nanospheres and microparticles, their morphologies and activity performance
comparison are shown as Figure 3-5(a), (b), (c) and (d). Other morphologies like nanosheet
[272], nanotube [273], nanorod [108], nanoflake[274], nanoball [275], nanoflower [276],
urchin-like [277], star-like [278], etc., were also tuned to obtain better activity than Pt/C. Some
work concluded that the activity of them obeyed a general sequence as below: nanowire >
nanorod > nanotube > nanoparticle > nanoflower [276]. Similar to crystallographic structures,
there are also other works proposing different sequences or counterexamples [260]. The Mn3O4
nanoflakes with facets (001) exhibited greatly higher activity than Mn3O4 nanorods with
exposed facets (101) on ORR catalysis [274]. It was also found that the Mn with higher
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oxidative state in MnOx showed higher activity for ORR catalysis. Tang et al. [279] synthesized
MnOx nanorods with different heat treatments to obtain MnOx-350A (heating at 350 °C in air),
MnOx-650A (650 °C in air), and MnOx-600N (600 °C in N3). MnOx-350A had higher Mn
valence than the others (more of Mn** and Mn*"), and MnOx-600N had the lowest. The ORR
catalytic activity increased with Mn valence state, as presented in Figure 3-5 (f), this could be
explained from the step during ORR that Mn*" (MnOz) was reduced to Mn**, followed by
electron transfer from Mn** (MnOOH) to oxygen and recovering Mn*' [267, 280]. The Mn
valence in MnOx could also be tuned by the electrochemical approach; imposing negative
potential caused lower valence and applying positive potential brought higher valence.

From the above, composition, crystallographic structure, morphology could all be the
factors that influence the activity of MnOx catalysts. But most of these works never take into
consideration of the different stoichiometries (and the resulting electronic conductivities), the
different crystallographic sites exposed to the surface as well as the different specific areas of
the catalysts.

There is a similar case with nickel-based oxides where the control of the potential could
change the oxidation state and the concentration of trivalent nickel [173]. Cobalt is another
widely used transition metal in ORR catalysis. CoO and Co304 were reported as bi-functional
catalysts, especially CoO deposited onto N-doped carbon [281-283]. Spinel-type Co304 is more
synthesized as ORR catalyst. There are Co*" and Co>" in Co304, and Co?* is deemed the active
part for ORR catalysis due to its preference for O> adsorption [284]. There are also different
morphologies of Co304, to which their properties are related intimately. Co3O4 with the
morphologies of core-shell [285], nanosheet [286], nanotube [287], nanoflower [288],
nanofiber [289], nanofilm [290], nanosphere [291] etc. are seen in the previous works. CoO and
MnO> composite catalysts supported on reduced graphite oxide (CoO/MnO»/RGO) with a
synergistic effect from both CoO and MnO», exhibited comparable performance with that of
Pt/C [292], as is seen in Figure 3-5 (g).

A synergistic effect was also achieved from the combination of N-doped carbon shell
and metallic Co species GCN—Co@CoO [184, 293]. N-doped carbon materials with different
morphologies are commonly integrated with transition metal oxides, tuning their electronic

structure, resulting in enhanced catalytic activity; or acting as a metal-free catalyst.
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Figure 3-5 : SEM of different morphologies of a-MnQO; (a) microparticles (b) nanowires (c)
nanospheres; (d) comparison between polarization curves of catalysts supported on carbon with the
above three morphologies at the rotation rate of 2500 rpm; (e) polarization curves of catalysts with

different crystallographic structures: a-MnO> (red), B-MnO; (green), and A-MnO (blue) at the rotation
rate of 1600 rpm in electrolyte: O-saturated 0.1 M NaOH solution [262] (f) polarization curves of
MnOj nanorods with different Mn valences under the condition of the scan rate of 10 mV s, and the
rotating rate is 1600 rpm in electrolyte: O»-saturated 1 M NaOH solution [279]; (g) polarization curves
of different composite catalysts of CoO and MnO, C at a rotating rate of 1600 rpm and a scan rate of 5
mV s in Os-saturated 0.1 M KOH solution [292].

Ni-based [294], Fe-based [295], La-based [296], Ce-based [297], Cu-based [298], Mo-
based [299], Ti-based [300], V-based [301] oxides are also reported to have activity for ORR
catalysis, while usually inferior to Mn-based and Co-based catalysts. Nickel (Ni**, 3d”) shows
a high activity for ORR catalysis [173]. Their activities appear better in multinary oxides or
associated with carbon materials than in their single oxides. Ni-based, V-based oxides are more
applied as catalysts for OER than ORR or as bi-functional catalysts because they are stable in
a wide potential range [257, 302, 303].

Perovskite oxides: Perovskite oxides are extensively studied as oxygen catalysts in air

electrode, having a great potential for application. They have the common formula of ABOs3,
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where generally, the A site cation is an alkaline earth or rare-earth ion, and B site cation is a
transition metal. A or B could be substituted by other elements to form Ai.xA'xBiyB'yOs.

(a) Perovskite Struciure {b) Cubic (c) Tilted & Distorted  (d) Cation/fAnion Ordered
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Figure 3-6 : (a) Schematic unit cell of perovskite oxide, (b) cubic perovskite structure (c) distorted
structure, (d) double perovskite structure [171]

The ideal crystal structure of perovskite oxides is cubic with the Pm3m space group,
where the A cation is in the center of the cube in dodecahedral coordination and the B cation is
in octahedral coordination toward oxygen. To define the domain of stability of the perovskite

structure, a tolerance factor, t is given:

ra+ro

Equation 3-1: t="""=1
V2(rg+ro)

where ra, 18, and ro are the radii of the respective ions. The ideal cubic perovskite is
obtained when 0.9 < t < 1. Under this value it becomes distorted to rhombohedral or
orthorhombic symmetry [304, 305]. The radius of the cations A is around 1 to 1.7 A, and it is
around 0.6 A for B cations [306]. The double perovskite oxides may form because of the more
than 50% substitution of B-site, thus an ordering of two types of B cations may be present [307].
It can be also because of the large difference in ionic radius between the A-site and B-site ions,
resulting an ordering of A-site cations along the c¢ direction, e.g., LnBaCo020s+5 [308]. The
flexibility of the structure in turn makes A or/and B site doping possible, resulting in structure
distortion, accompanied with change of B-O bond angel, and obviously modifying the
hybridization of electronic orbitals, aiming to obtain preferable properties for ORR.

A-site effects: Sun et al. [309] studied three A-doped LaMnOs (Lao7Cao3MnQOs,
Lao 7S103MnOs, and Lag 7Bag3MnO3) with radius of the doped A cations larger than La**. This

doping gave rise to a deviation of the hybridization between orbits of O 2p and Mn 3d from the
“head collision” mode. While it could involve the B-O-B bond angle increasing to 180°,
accompanied by enhanced B-O orbital overlap which was deemed as the driving force to
facilitate the O*/OH" exchange (surface hydroxide displacement), namely the rate-determining
step of ORR on perovskite oxides. This increase of B-O hybridization could simultaneously be

promoted via a decrease of charge transfer gap between O 2p and Mn 3d states resulting from
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the shift of e; center to the Fermi Level. The bigger the radius of the doping cation is, the larger
the electronic conductivity and the higher the efficiency of ORR catalysis.

Hyodo et al. [310] investigated the catalytic activity for ORR on a series of AMnO3
perovskite oxides catalysts with different A sites in alkaline solution. The ORR activities of the
catalysts were measured with a prepared gas-diffusion electrode, and their activity sequence
from high to low in the aspect of the A site was: La>Pr>Nd >Sm > Gd >Y > Dy > Yb. It
was indicated that the activity increased with the radius of A site cationic ions. They also studied
the effect of A site substitution on the activity of catalyst Pri.xCaxMnOs with alike gas-diffusion
electron [311]. The activities followed the sequence that ProsCap2MnO3; > ProgSro2MnO3 >
Pro.sBag2MnO3 > PrMnO:s.

Hu et al. [312] prepared La;xCaxMnOs; (x = 0, 0.1, 0.2, 0.3, 0.4, 0.5) perovskite-
graphene composites for ORR catalysis. When x = 0.4 the Ca-doped catalyst showed the highest
activity with achievable equilibrium between the increase of active sites due to the surface
enrichment of Mn*/Mn*" in the oxides and the decrease of the randomization degree of crystal
oxygen vacancy distribution with increase of Ca-doping ratio. Hammouche et al. [313] also
studied Ca-doping effect but on cobalt-based perovskite oxides La;xCaxCoOs (x =0, 0.2, 0.4,
0.45, 0.6). Likely, it was observed that the maximum activity was reached by Lao sCao4Co00Os3.
This doping level usually corresponds to the best conducting properties of the material. It was
qualitatively explained that the highest surface area and the most surface composition of Co in
Lag.¢Cao4CoOs contributed to its high activity.

The most extensively studied materials are the La-based perovskite with strontium
substitution because of the similar atom size between lanthanum and strontium that there is no
big structure distortion after doping of strontium [260]. The divalent Sr** substitution to
trivalent La** induces vacancies in the electronic structure which improves the electron transfer
and oxygen mobilization [62]. Pavone et al. [314] applied First-principle quantum mechanical
calculations to analyze the electronic structure and oxygen defect formation of LaixSrxMnO3
(LSMO, x=0, 0.25, 0.5). It was revealed that strontium doping in LSMO leads to holes
formation in the electronic structure and the material turns from insulator to metal. Also there
is a partial oxidation of Mn ions from a formal state of manganese Mn(3+) to Mn(4+). Mn*"
ion is smaller than Mn>". This causes a decrease in LSMO unit cell volume with increasing Sr
content. The oxygen defect formation energy also decreases with Sr doping increase. For the
more part of experimental work, Tulloch et al. [315] synthesized La;xSrxMnO3 (x =0, 0.2, 0.4,
0.6, 0.8, 1) and measured their activity for ORR on RDE in 1 M KOH. Lag 4Sro.sMnOs3 showed

the best performance among them as presented in Figure 3-7(a) owning to a four-electron

107



reduction process, a minimum in crystallite size and a maximum in BET surface area.
Stoerzinger et al. [316] compared the reductive activities of the epitaxial La;—xSrxMnOs3 (x = 0,
0.10, 0.20, 0.33, 0.50, 0.70, 1.00) grown by pulsed laser deposition on Nb-doped SrTiO3; with
different surface orientations. Their activities are shown in Figure 3-7(b), Lao.67S10.33MnO3
exhibited the optimal performance, resulting from a moderate amount of Sr** substitution of
La**, and introducing both Mn*" and ligand hole character, which further decreased the in-plane
resistivity and increased the ORR activity. Zhao et al. [317] synthesized La;—xSrxMnO3 (x = 0,
0.2, 0.6), and Lao.4Sro.sMnO3 showed the highest current density and exhibited excellent ORR
activity, as seen in Figure 3-7(d). Oxygen vacancies on the oxide surface generated by Sr-
doping was deemed the primary reason for the enhancement of ORR activity, and secondly, the
increase of specific surface area from Sr substitution increased the contact between catalyst and
carbon, further the electronic conductivity and activity. There are enormous studied concerning
La;—xSrxMnOs [318].

Zhu et al. [319] increased the ORR activity of LaFeO3 by generating different levels of
A-site deficiency. They reported that Lao.osFeOs-s was the most active one, attributed from the
creation of oxygen vacancies and Fe*" species on the perovskite surface, demonstrated by XPS
characterization. Xue et al. [320] synthesized A-site defected (Lai—xSrx)0.9sMnQO3 and appliedit
in Al-air battery, achieving a superior power density. It was indicated that the deficiency would
tune the Mn cation valence and increase oxygen adsorption capacity of perovskites, therefore
increase the ORR activity. Besides, the effective results from A-site deficiency have been
widely obtained, e.g., La04Sr04ScooNio.103-5 [321], Sri—xSco.175Nbo.025C00803-5 [322],
Sro—«xFe1.4Ni0.1M00.506-5 [323], Lao.s4Sro.4Fe02C00.803-5 [324], Sr0.95Ag0.05sNbo.1C00.903-5 [325],
Bag.9Coo.sFeo.4Nbo.103-5 [326], Lao.7(Sro.3-xPdx)MnOs3 [327].

Bak et al. [328] confirmed that the formation of a Ruddlesden—Popper- type two-
dimensional faults in the LaNiO; oxide which is a distorted structure from the octahedral
structure, was favored by La excess. It made a positive effect of LaNiO3 on catalytic activity
enhancement. Xu et al. [329] synthesized A-site excessive (Lao gSro.2)1-xMnO;3 (x =0, 0.05, and
0.1) for ORR/OER bi-functional catalyst. Their activities are presented as Figure 3-7(a) and (b)
for ORR and OER, respectively. The catalyst with x = 0.05 exhibited both higher catalytic
activity and better structural stability than the other two. It was suggested from the DFT
calculation that the transition metal d-band center and oxygen p-band center both approaching
the Fermi level was the main reason for the enhanced electrochemical activity as shown in

Figure 3-7(c) and (d).
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From the above, both A-site deficiency and excess (B-site deficiency) in Lao.gSro2MnO3
can enhance the bi-functional performance, which seems illogical. Miao et al. [330] retried a
series of LaxMnOs (x = 0.85 — 1.15) to recheck the effect of La-deficiency and excess. In their
work, La-deficiency rather than La-excess was denounced to be effective for both ORR and
OER activity. This enhancement could be attributed to its proper Mn cation valence, large
amount of oxygen vacancies, upper shift of d-band center and strong adsorption capacity to
oxygenated species. Similar work about the positive effect of A-site excess has gradually been
explored recently, e.g., PriBaixC0o20¢5 [331], GdiosBaiosCo20s+5  [332],
(Bi0.4S10.6)1.1C00.3Fe0.703-5 [333].
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Figure 3-7 : catalytic activity of (LaogSro2)1+xMnOs (a) towards ORR compared to Pt/C; (b) towards
OER compared to IrO»; (¢c) Mn d-band center; (d) O p-band center of (LaosSro2)1.0sMnQOs relative to
Fermi level [329]

B-site effects: There are tremendous studies about B-site doped perovskite oxide for
oxygen electrocatalysis, including all the reported ORR catalysts with two or more transition
metals in B-site. Compared to perovskite oxide catalysts with A-site deficiency or excess, those
with B-site deficiency or excess are seldom reported, only a few in the application of SOFC,

because B-site deficiencies or excess is energetically unfavorable and may easily cause the
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formation of impurity phases, which gives rise to a resistance for charge transfer and, thus a
reduction in catalytic performance, though it was suggested the introduction of B-site cation
deficiency improved the oxygen mobility [334].

La-based perovskite oxides with La in the A site have been extensively studied for its
role on ORR catalysis. With different transition metals, the catalytic activity of the La-based
perovskite oxides varies with a sequence as below:

LaCrOs; = LaFeO; = LaNiO3 < LaMnO; < LaCoOs.

Noteworthy is that the sequence obtained from experiments is different from that
obtained from the theoretical calculations, because the activation barrier is neglected in the
computation work, and experimental materials are not quite defined for the effective surface
area and oxygen stoichiometry [335]. Substitution of Ni in the B site changes the activity of
each catalyst with different extents, which may change the sequence to the following:

LaNiOs3; < LaNip sFeo 503~ LaNip.5C00.503 = LaNig 5Crp503 < LaNiosMno 503 as
demonstrated in Figure 3-8. There is no important differences between the different

substitutions but they all show an increase of activity as compared to pure LaNiO; [336].
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Figure 3-8 : Polarization curves of (a) LaNiOs, LaCoQ3, LaFeOs, LaMnOs, and LaCrOs and (b)
LaNiy sCo0.503, LaNigsFeo sO3, LaNip sMng sOs3, and LaNig sCro sO;3 (all in O»-saturated 0.1 M KOH
electrolyte at 20 mV s™! of scan rate) [336]

Oxygen deficiency or vacancy effect: Perovskite oxides with oxygen deficiency was also

reported to have good potential for bi-functional catalyst [337]. The oxygen vacancies can act
as acceptors or donors that contributes to the charge transfer between the adsorbate and
adsorbent. Therefore, there is a simultaneous filling and creation of lattice oxygen vacancies in
oxygen-cation deficient perovskite oxides, in this way, the intrinsic ORR catalytic activity is
affected [260]. In the above mentioned ORR mechanism concerning of oxygen vacancies, the

oxygen vacancies may govern the physical parameters of the ionic diffusion rates and reflect

110



the potential electronic structure of the perovskite-type catalysts, as the high activity of
Lai;—SrxCo0Os-5 could be rationalized from the standpoint of the electronic structure and
participation of lattice oxygen in the reactive mechanism [260]. The Lao.67Sr033MnQO3 epitaxial
thin films was reported to exhibit ORR current not limited by oxygen transport using rotating
electrode. The energy of oxygen vacancy formation was also found to be inversely proportional
to the position of the O p-band center relative to Fermi level, i.e., the lower the p-band relative
to the Fermi level, the higher the energy of oxygen vacancy formation, which was demonstrated
by the study on thin-film iron and cobalt perovskite oxides LaosSrosFeOs-s (LSF),
LagsCaosFeOs-5 (LCF), LagsBaosFeOs-s (LBF) and Lag.¢Sro4Coo.2Fe0s03-5 (LSCF) [338].

Morphology effect: Overall, the intrinsic activity of the perovskite oxide catalysts for

ORR is commonly believed to be dependent on the eg filling, the metal-oxygen bond, and the
localization of the metal 3d-band center and oxygen 2p-band center relative to their Fermi
Levels. The activity enhancement from substitution or doping, the deficiency of A or B-site
metal, of oxygen could mostly be explained from the above three points of view. The extrinsic
activity enhancement could be realized by morphology control, to design synthesis route
enabling to increase the surface area and expose more active sites.

Surface tuning also makes great influence on catalytic activity of the perovskite oxides
for ORR or OER. Cheng et al. [339] utilized atomic layer deposition (ALD) to control atomic
level of A or B cations the composition at the atomic level on the surface of Sr doped perovskite
oxides LaFeO3 (LSF), LaMnO3 (LSM), and LaCoOs (LSC), schemed in Figure 3-9. They
revealed A-site termination on LSF and LSM made an enhancement of the catalytic activity
towards ORR, while not evident on LSC. In contrast, B-site terminated surface decreased the
catalytic activity. The activity increase might be ascribed from the oxygen vacancies formation

because of A-site termination, and oxygen vacancies were deemed as the main active sites.
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Figure 3-9 : Schematic showing the different ALD-modified surfaces [339]

3.2.5. Bi-functional catalysts

Transition-metal oxides exhibit different oxidation states because of their partially filled
d orbitals, facilitating the movement of electrons and oxygen-ions through oxygen vacancies.
This enables them to be excellent candidates as bifunctional catalysts for oxygen electrode
reactions [177]. Generally, the carbon-based catalysts cannot stand the highly oxidative
potential range for OER, at least higher than 1.229 V, because carbon could be eroded at 0.207
V vs standard hydrogen electrode (SHE) [230]. The ORR mechanism has been already
described above. So, the mechanism for OER will be introduced here.

In 1977, Tseung et al. [340] studied the effect of a series of semiconducting oxides on
oxygen evolution, proposing a correlation between the potential of the oxides redox couple
(lower oxide/higher oxide couple) and the minimum potential for OER. Trasatti et al. [341] then
synthesized a series of catalysts including rutile, spinel, and perovskite oxides, showing good
OER performance. He established a volcano-shape relationship between the enthalpy of

oxidation and OER overpotential shown in Figure 3-10.
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Figure 3-10: Electrocatalytic activity in O, evolution at various oxide electrodes as a function of the
enthalpy; hollow circle: in alkaline electrolyte and solid circle in acidic electrolyte [341]

Further, the enthalpy of M(OH)3 formation was found to be inversely relative to the
current density at constant OER overpotential and subsequently desorption of OH’
intermediates was predicted as the rate-determining step by Bockris and Otagawa [342]. Later,
different mechanisms were proposed. Rossmeisl et al. [335, 343] indicated that only after the
surface coverage attained a proper value which was dependent on the catalyst material, the
HOO® formation would occur. These authors identified a scaling relationship between the
binding/adsorption energy of HO" or HOO" and O" on metal or metal oxides surface via DFT
study. So, a single descriptor AGO*O— AGO o V3 proposed for the activity of OER. In this
study, the theoretical overpotential is independent on the pH. In Goodenough’s work [344], the
oxide surface is based on a model that the binding of water and the oxide surface would be
affected by the pH of the electrolyte and come to an equilibrium with it. They investigated the
catalyst particles of Pb2Ir207.y, PboRu207.y, RuO2, IrO; and Sr1.xNbOs.5, utilizing two methods
to obtain the information about their surface protonation in electrolytes with different pH:
measuring the mean surface charge density versus pH, and CV of the surface reactions in
different pH. They concluded that the protonation of the oxide surface had a great influence on
the mechanism of both ORR and OER. Generally, in acid electrolytes (specifically in the pH
range lower than the point of zero-zeta potential), the oxide surface was fully protonated, and
the ORR was blocked, while in alkaline electrolyte (more specifically in the pH range higher
than the point of zero-zeta potential), the ORR was active, and mechanisms for ORR and OER

were similar to those proposed by Rossmeisl. The above mechanism is also known as the “acid-
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base mechanism” [345]. It was also demonstrated in a dimer form [346]. Analogous to the
above mentioned ‘side-on’ or association mechanism of ORR, the “direct-coupling
mechanism” concerns double centers in the case of OER, which was evidenced by both
experimental and computational work [347, 348]. They are reverse to each other. The three

mechanisms are schemed in Figure 3-11.
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Figure 3-11 : Proposed mechanisms of OER on metal or metal oxide surface (a) by Rossmeisl et al.;
(b) by Goodenough et al. (acid-base mechanism); (¢) direct-coupling mechanism

Like the strategies for improving the activity of catalysts for ORR, the same theories
can be implanted to OER. Catalysts with higher ORR activity and a good electrical conductivity
are also likely to act as active OER catalysts. However, there are many catalysts which have a
good activity for OER, but not for ORR [230]. Based on the design principle related to e; filling,
Bay.5Sr0.5Co0.8Fe0203.5 (BSCF) was predicted and proved to have a good OER activity with at
least one order of magnitude higher than the commercial IrO; catalysts [255]. The positive
effect of the cubic Bag 5Sr0.5C00.6Fe0403 (BSCF82) structure on the OER activity was reported
partially owing to the amorphous surface information during OER process, which induced
leaching of A-site metal, thus higher surface area and higher activity during OER process [349].
This effect was also seen in the cases of Bao.5sSro5C00.6Fe0403-5 (BSCF64) and SrCoo sFeo203-
5 (SCF82). All of them had the similarly high-positioned O p-band center. The high O p-band
center was estimated to be relative to the high oxygen vacancy concentration and high lattice
oxygen mobility. It was not seen in the catalysts e.g., Lao.¢St0.4C003.5 (LSC46), LaCoOs (LCO),
and LaMnOs; (LMO) with low O p-band center. The related O p-band centers relative to Fermi
Level are shown in Figure 3-12(b). Another similar amorphization- enhanced OER activity was
reported about Sn vacancies produced by Ar plasma on SnCoFe perovskite hydroxide [350].
Grimaud et al. [351] further reported the series of Co-based double perovskite
(Lno.sBag.s)CoO3-5 (also written in LnBaC020s5+5, Ln = Pr, Sm, Gd and Ho) which maintained
stable structure during OER, but also exhibited higher activity than BSCF, as demonstrated in
Figure 3-12(c). The high possibility of e filling of unity supported its high activity. Besides,
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the computed O p-band center relative to the Fermi level and the parameters derived from it
were suggested to be appropriate alternatives for descriptors of the OER activity and stability
of oxides. The O p-band center relative to Fermi Level of the double perovskite oxides could
be indicated by the oxidation state of the Co which was also related to the oxygen content and
the Ln, as shown in Figure 3-12(d) and (e). Figure 3-12(e) also shows the change of the O p-
band center with the fully relaxed or constrained stoichiometric double perovskite oxides. The
difference of the relaxed or constrained stoichiometric double perovskite was resulted from A-
site and B-site ionic radius mismatch which generated distortion and rotation of Co-O
octahedra, modifying the Co-O bond length and Co 3d— O 2p orbital hybridization [352]. The
oxidation state of Co, or the Co valency in perovskite oxides reflects the Co-O hybridization,
that the higher valency is, the higher hybridization is. The increase of the Co oxidation state
may be ascribed to the increased possibility of charge transfer between the metal 3d band and
the O 2p band [353].

The Co-based perovskite oxides exemplified above the role of oxygen vacancies, the A-
site metals, and their derived Co oxidation states from O p-band center versus Fermi Level, the
surface amorphization, etc. Too low the O p-band center causes low hybridization of B-O bind,
while too high p-band center may result in structure instability, and no further increase of OER
activity, as the comparison between BSCF82 (Bao 5Sro.5Co0.8Fe0.203-5) and (Pro.sBao.5)CoOs-s.
So, appropriate O p-band center is necessary for high OER activity.

The correlation between oxygen deficiency and OER high activity is widely proved with
various metal oxides. The hybrid or composite metal/carbon catalysts also occupy their place
in oxygen electrocatalysis with improved activity [354, 355]. Metal-free bi-functional catalysts
were also reported [356]. Besides, there are other kinds of bi-functional catalysts, e.g., layered

double hydroxides [357], metal-organic frameworks [358], sulfides [359], phosphates[360], etc.
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comparison of the O p-band center relative to Fermi Level (Er) of different perovskite oxides [349];
(c) evolution of the ir-corrected potential at 0.5 mA cm 2 oxide versus the O p-band center relative to
EF (eV); (d) Co oxidation state variation with the oxygen content and A-site materials; (e) The
computed O p-band center versus the Fermi level for the nonstoichiometric (LngsBag s)CoOs-s double
perovskites (having 6 constrained to the values obtained from chemical titration) and stoichiometric
(Lng sBags)CoOs in the constrained or relaxed structure; (f) Integrated intensities of the O K-edge pre-
edge region normalized to oxygen content per formula unit and the nominal number of empty cobalt
3d states in both eg and to, symmetry[351]; (g) ORR (h) OER activity of Smg 5SrosCoO;3-5(SSC, 6 =0,
0.1, and 0.2) in Oz-saturated 0.1 M KOH at a scan rate of 10 mV s™' and a rotation rate of 1600 rpm;

(1) relation between metal d-band center lift and ORR/OER performance [337]

3.2.6.

Conclusion on the literature survey

Noble metals are probably good for ORR, but they are expensive and not stable in

alkaline solutions. Carbon-based materials are new but are not stable at high potential. The

oxides are cheaper and stable at higher potential. However, the activity is difficult to control,

and sometimes the papers found in literatures give controversial results. There are many

parameters relating the activity of the catalyst, e.g., surface area, electronic conductivity,

surface state, crystal structure, and the solid state defects etc.
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It is difficult to control the oxidation state and the stoichiometry of simple oxides such
as cobalt or manganese oxides during their synthesis and during their electrochemical properties.
The electronic conductivity is also hard to control. Thus, they do not give reproducible results
in electrocatalysis. The properties may also change during the electrochemical reactions.

The electronic states and conductivity of multinary oxides such as perovskites appear
easier to control. As an example, in the ABOs3 structure, we can make aliovalent substitution in
the A-site (Sr** for La*"), which can change the filling of the d-orbitals of the B cation without
disordering the B-site. This will easily transform the material from insulator to metal. These
metals offer a cheap alternative to precious metals and their oxide-containing surface is well
adapted to adsorb oxygen.

The literature emphasizes the role of the partial filling of e orbitals in the ORR activity.
This is mostly obtained with late transition metal in +3 oxidation state such as Mn (3d*), Fe
(3d°), Co (3d°%), Ni (3d”). These oxides are all stable in alkaline electrolyte.

From these articles, the most studied and maybe the most promising materials are
LaMnOs, LaCoO3, and LaNiOs. Especially, manganese (3d*, high spin 4,°¢ ') and nickel (3d’
low spin, bi¢ ') are interesting because they are cheap (as compared to cobalt) and they easily
give good conducting phases upon doping (manganese in La;xSrxMnO3, LSMO) or without
doping (nickel in LaNiO3).

Our synthesis of nickel perovskites with high specific area by solution techniques were
not so successful and reproducible because we could not obtain single phase materials. So, we
choose LSMO system because it is cheap and not toxic as compared to cobalt. Moreover, its
synthesis is well-known to perform, so that we can use reproducible powders to study the

formulation of inks and electrodes assembly.

3.3. ORR or OER catalytic characterization

ORR and OER are structure-sensitive reactions, which means catalyst structure makes
a big difference to the catalytic activity [187]. To obtain the quantitative performance of ORR
catalysts, we have extensively studied their properties with a three-electrode system using a
rotating disk as the working electrode. Despite detecting all the involved intermediate products
is beyond current techniques, rotating disk electrode (RDE) can fulfill partial quantification
work about kinetic study of ORR.

To perform the measurement, a slurry containing catalyst, carbon, and binder is drop-

deposited on the tip of the electrode. After the solvent is evaporated, a catalytic layer within
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100 nm of thickness is formed and attached on the electrode. The main role of the carbon
material mixed with catalyst is to enhance the conductivity and disperse the catalyst, while it
also has a catalytic effect on ORR [361].

Lao.8Sr0.2Co03 alone is reported to have no activity for ORR, while with carbon, it is
active [362]. The effect of carbon as an additive in the catalyst layer for ORR catalysis was
studied and it was believed that carbon preferentially reduced Oz to HO;  which was
consecutively reduced to OH on the metal oxide catalyst [363]. Carbon may also influence the
stability of the catalysts due to its easiness to be oxidized at oxidative potential range [171]. But
its major role is to bring a good conductivity to the electrode.

Typically, there are three regions on the ORR polarization curves as seen in Figure 3-13.
The ORR polarization curves show a kinetic-controlled region at the onset of reduction
processes, a diffusion-controlled region at voltages lower than 0.5 V, a diffusion-kinetic
combined region in between [284].

The kinetic-controlled zone shows the potential for the onset and the limitation of the
reduction of oxygen. It is characteristic of the activity the catalyst. It is mostly related to the
intrinsic properties of the catalyst surface. The potential at a constant current density or the
current density at a constant potential in the mixed kinetic-diffusion controlled region is usually
the metric for the catalytic activity of the catalyst for ORR [284].

The diffusion—controlled zone is characteristic of the concentration of oxygen species
at the vicinity of the catalyst. It is related to the dissolution of oxygen (with or without oxygen
bubbling, in the presence of pure oxygen or mixed with nitrogen in air), the convection of the
solution to the electrode (with or without rotation), the diffusion of oxygen into the porosity of
the electrode. The limiting current thus gives an information on the extrinsic properties such as
the quality of the electrode assembly, its porosity and permeation properties. The most correct
way to get the real catalyst activity is to be normalized to the number of active sites. While in

practical cases, normalization to surface area or mass is applied instead [284].
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Figure 3-13 : Typical polarization curve of ORR [284]

Because oxygen has a very limited dissolution in water, the reaction is limited by the
transport of oxygen to the electrode. The current measured is affected by the mass transport
current controlled by the rotation rate.

The Levich equation below is a well-known method to have the mass transport

correction.

Equation 3-2 : i-1= im_1 + ik_l
where i is the measured current (density), im is the mass transport current (density), and
ik 1s the kinetic current (density). im is also called Levich current, which can be calculated by
Equation 3-3 as a function of the disk rotating rate and some physical properties of the

electrolyte, when using a rotating disk electrode (RDE).

Equation 3-3 : §, = 062nFAD, /3v /6Cy'/2
where n is the number of moles of electrons transferred in the reaction, F is the Faraday
constant (C/mol), A is the electrode area (cm?), Do is the diffusion coefficient of oxygen in the
electrolyte (cm? s!), v is the kinematic viscosity (cm? s') of the electrolyte, Co is the

concentration of oxygen in electrolyte, and @ is the rotating rate of electrode. Normally except

for m, the other parameters are constant, so, the mass transport current is proportionate to @!/2.
By varying the rotating rate, im is easily obtained, then the ix [364]. We need to emphasize that
A is the geometric area of the electrode which is not the effective surface area of catalyst
because in the Levich conditions, the current is limited by the convective flow of oxygen species

to the electrode.
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Some work aimed to exclude the effects from carbon materials or binders, the single
crystals are synthesized as a thin film on the disk to get a more fundamental insight [365, 366].
Some representative works relating to the activity measurement with different disk materials
and types of catalyst on the disk are listed in Table 3-4.

Table 3-4 : Some representative references on ORR catalytic activity measurement concerning
different RDE materials and catalyst types on disk

Catalyst Disk and Carbon Binder Type Attach Catalys | Ref
ring material t load
Mn,O,/C Disk: Vulcan Nafion Thin film | Drop- 40 pg [280]
Pyrolitic XC-72 solution of deposition | cm?
graphite (integrated | (5 wt.% in composit
Ring: gold in isopropylic e
catalyst) alcohol)
LaNiOs/LaAlOs; | Disk: glassy | - - Thin film | Conductiv - [257]
(001) carbon onsingle | e paste
crystal
substrate
Pt(111) Disk: glassy | - - Thin film | Sputtering | - [257]
carbon of single | on disk
crystal
LaCuosMngsOs | Disk: glassy | Nitric acid | Na*- Thin film | Drop- 250 [364]
carbon treated exchanged of deposition | HEoxide
acetylene | Nafion composit cm2y
black solution with | e
tetrahydrofur
an
Pt/C (46 w.t.% Disk: glassy | Vulcan Nafion® Thin film | Drop- 5 pget [364,
Pt) carbon XC-72 solution (5 deposition | cmZgy | 367]
(integrated | wt.%, Fluka) of catalyst
in and Nafion
catalyst) separately
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3.4. Synthesis methods for perovskite oxides

There is a wide range of methods to prepare single metal oxides or multinary oxides
such as perovskites, spinel garnet oxides, etc. Conventional methods include solid reactions or
solution-based synthesis such sol-gel or coprecipitation. The choice of the method as well as
each procedure used during the synthesis (heating time, atmosphere, cooling rate...) may
change the properties of the final powder with different degrees (microstructure, specific
surface area, oxidation state, homogeneity of doping, surface states).

Solid state reaction is an energy-extensive process, where grinding and mixing of
powders of oxides, carbonates or salts is followed by long-time high-temperature sintering
process to obtain ions diffusion and form the new phase. Coprecipitation method consists in
mixing two solutions containing soluble cations and the precipitating agent, respectively. The
common precipitating agents are ammonium carbonate and ammonium citrate. Inorganic salts,
organic salts, or alkoxides are the choices for preparing solution with cations to be precipitated.
Precipitation reactions happen quickly. After filtrating, rinsing, and drying the precipitate, a
homogeneous mixture of cations at the microscopic level or even at the “molecular” level is
obtained. The reaction is not diffusion limited and theoretically only related to local ordering
and decomposition of the precipitating reagents. Thus, a coprecipitate usually crystallizes at
much lower temperatures than that with solid state reaction method for a shorter duration. It
usually leads to smaller particles and their sintering can be avoided. Sol-gel method involves
the formation though hydrolysis and condensation of homogeneous metal oxides or hydroxides
without the presence of a precipitant. Calcination should not be necessary to eliminate the
precipitant although thermal treatment is necessary to obtain crystallization and eliminate the
last hydroxides. There are also the Pechini techniques, where complexing polymers (based on
citric acid and ethylene glycol) traps all cations close to each other. This technique is the most
versatile for synthesis of multinary oxides such as perovskites. The derivative techniques are
also commonly termed as combustion method or amorphous method [368]. Solution containing
metal cations chelate with an organic complexing or chelating agent, normally organic acids
(such as EDTA, citric acid, malic acid, glycine, carboxylate azides, urea, oxalyl dihydrazide)
which also polymerize in the metal cations-complexing agent system. The complex reaction
and polymerization process take a few hours before the solution becomes gel. Then drying and
sintering process is similar with that of coprecipitation method. Usually, the quantification of

complexation agent to metal salts equal or a little above their stoichiometric value gives better
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crystallized phases. Too much or less complexation agent would result in carbonaceous
impurities or heterogeneous materials.

In addition to the three conventional methods, there are hydrothermal, reverse micelle
synthesis, spray and freeze drying, spray pyrolysis, microwave assisted synthesis and sintering,
combustion synthesis and physical vapor deposition, molten salt treatment method,
sonochemical method [369, 370]. Among all these methods, the physicochemical properties of
the metal salts and the conditions of calcination count the most to the properties of final
powders.

Synthesis routes have influence on the catalytic performance of the perovskite oxides.
Generally, the particle sizes are 1 - 20 pm from solid reaction method, while from sol-gel
method or coprecipitation method, the particle sizes are in a scale of tens to hundreds of
nanometers. Different synthesis routes produce different surface structures. In [371], solid state
synthesis, drip pyrolysis, citrate route, sol-gel, carbonate coprecipitation, and oxalate
coprecipitation have been adopted to synthesize La;xSrxMnOs. Their performance as a catalyst
in cathode of SOFC (solid oxide fuel cell) was compared on a fixed bed reactor and CO was
the fuel. Materials obtained from carbonate coprecipitation were reported to have highest
catalytic activity in this work. Acetate salts compared to nitrate salts used as starting material
to prepare perovskite oxide via solution routes were advantageous to increase the surface area
of the final powder [372].

The A-site deficiency or stoichiometry is normally realized from the control of the
quantity of starting materials. It also depends on the lattice energy and the relative chemical
bond. Oxygen deficiency is always accompanied by A-site deficiency [373]. The formation
energy of oxygen deficiency/vacancy is dependent on the position of O 2p-band center relative
to the Fermi level, and A-site deficiency has a positive effect on that. For an intentional control
of oxygen deficiency, low oxygen environment is usually needed during the heat treatment of
perovskite oxides synthesis. Formation of oxygen vacancies is endothermic; an elevated
temperature and a longer time will favor for oxygen deficiency [374]. Oxygen deficiency could
also be introduced electrochemically by applying a negative potential. While generally, there is
no ascertained method to have oxygen deficiency/vacancy. Here are listed some approaches for
making oxygen deficiency/vacancy in Table 3-5, especially from the comparison with the

corresponding highly crystallized particles.
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Table 3-5 : Oxygen deficiency/vacancy generation approaches

Catalyst

Synthesis route

Ref

(d)MnO;

50 mL (0.1 M) MnSO4-5H20+50 mL (0.1 M) K2S,0s
mixed

25 mL (1.2 M) NaOH added

Stirring for 1 h, and ageing for 1 h

Gathering precipitates and freeze drying

[375]

(c)MnO»

Suspension transferred into Teflon-lined autoclaves, and

heated at 160 °C for 24 h

[375]

(c)B-MnO>

30 mL (0.1 M) MnSO4 and 30 mL (0.6 M) KMnO4
solution

KMnO4 dropped into MnSOj4 solution withstirring
Mixture transferred into Teflon-lined autoclaves, heated to
140 °C at a rate of 4 °C min ! and maintained at this

temperature for 12 h while continuously stirring

[339]

(d)B-MnO;

Heat treatment of (¢c)B-MnOo, e.g., at 350 °C for 2 h in Ar

[339]

(c)CaMnOs3

MnCOs3 (1 mmol) + CaCOs3 (1 mmol) in 10.5 mL (0.5 M)
dilute HNOs

5.25 mL (0.25 M) (NH4)2CO3 dripped and stirring for 30
min, ageing for 3 h

Precipitates centrifuged, washed, vacuum-dried, and

calcined at 900 °C in air for 5 h

[365]

(d)CaMnO3

Heat treatment in a Ho/Ar (5%/95%) forming gas

[365]

(c)Lao67S1033MnOs

Pulsed laser deposition of Lag.67Sr0.33MnOs3 epitaxial thin

films on substrate (100) 0.5 wt % Nb-doped SrTiO3

[365]

(d)Lao.67S1033MnO;3

Applying potential on the film electrode

[365]

Note: (d) means with oxygen deficiency; (c) means highly crystallized, red point is the step different

between the two synthesis routes, and the black point is the same step which is listed only once.

In this work, the strontium doping lanthanum manganese oxide have been synthesized

via two different methods, a polymeric citrate solution process and a carbonate coprecipitation

process. After synthesis and characterization of the powders, electrochemical studies have been

conducted with a rotating disk electrode. We focused on the strontium substitution effect in Laj-
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S1rxMnO; system because as a conclusion of the literature study its activity is correct, and

manganese is cheap and non-toxic.

3.5. Experimental study

The experiments for this part have two parts, first is the perovskite synthesis and its
physical characterization by XRD and BET, and second is the electrochemical characterization
by cyclic voltammetry.

Two synthesis routes have been applied to synthesize La;xSrxMnOs3, citrate solution
process and coprecipitation process. Lanthanum acetate sesquihydrate (Alfa Aesar), strontium
acetate (Aldrich), manganese acetate tetrahydrate (Sigma-Aldrich) and citric acid (Sigma-
Aldrich) are used for the citrate solution process. Lanthanum nitrate hexahydrate (Alfa Aesar),
strontium nitrate (Prolabo), manganese nitrate tetrahydrate (CL chem-lab), ammonium
bicarbonate (Alfa Aesar) and ammonium hydroxide (25 wt.%, Acros organics) are used for the
coprecipitation process.

XVC-72 (Carbot) and Nafion (20 wt.% in lower aliphatic alcohols/H,O mix, Sigma-
Aldrich) are treated before ready to use. The VXC-72 is treated with nitric acid and Nafion
solution is treated via K" exchange with 0.3 M KOH (Sigma-Aldrich) solution.

3.5.1. LaixSrxMnO3 (LSMO) synthesis

Normally metal nitrates are commonly used to prepare the aqueous precursor solution
in both synthesis processes mentioned above, because they cost less and dissolve more easily.
While in this work, acetates instead of nitrates are used in citrate solution process to avoid
explosion caused by nitrates with organics during calcination under high temperature.

In the citrate solution process, the acetates of the corresponding cations are dissolved
stoichiometrically in deionized water to get 40 mL solution with the concentration of 0.25 M
Mn*", (1-x) * 0.25 M La**", and x * 0.25 M Sr*". Another 2 M 10 mL equivalent moles of citric
acid is presented. Then, the citric acid solution is rapidly poured into the acetate solution.
Immediately a white precipitate appears. Then 5 mL of ammonium hydroxide (25 wt. %) is
progressively added into the precipitated suspension until the precipitate dissolves again. The
aqueous solution is then put in an oven at 80 °C for 24 h to evaporate water until a transparent
gel form. Then the temperature is increased to 150 °C. The gel foams and becomes a spongy
beige solid. This solid is ground and calcined either in air or in flowing oxygen separately, with

a heating rate of 150 °C h™! up to the desired temperature where it stays for 4 hours.
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In the carbonate coprecipitation method, nitrates are dissolved stoichiometrically to get
20 mL solution with the concentration of 0.5 M Mn**, 0.5 * (1-x) M La*', and 0.5 * x M Sr*".
Surplus ammonium bicarbonate (60 mL 0.5 M) is dissolved in deionized water with equivalent
moles of ammonium. Then the ammonium carbonate solution is rapidly added into the nitrate
solution, white precipitate appears. After reaction and ageing for 30 mins, the precipitate is
filtrated, washed, and collected. The filtrated precipitate is dried in oven at 150 °C overnight
when the white precipitate turns gray. Then it is ground and calcined in oxygen atmosphere at

500 °C, 700 °C, 900 °C, and 1100 °C.

3.5.2. Physical characterization of LaixSriMnQOs

The LSMOs are characterized with X-Ray Diffraction (XRD), Brunauer-Emmett-Teller
(BET) and Scanning Electron Microscope (SEM). The structure of the as-prepared perovskites
is tested at 45 kV and 40 mA using a PANalytical powder diffractometer with Cu Ka
(A=1.54056 A) in the 2 theta (0) range from 5° to 80°, with a scan rate of 2.5° min’'. BET is
conducted on a Belsorp MAX, nitrogen gas is used as the probe gas, which is a standard
approach and allows measurement of the surface areas as low as 0.01 m? g'!. Morphology of
the LSMOs is characterized on a Proxima 100-Micromecha machine in a field emission gun
scanning electron microscope (FEG-SEM ZEISS LEO1530) operating at 20kV, accompanied
by a PRINCETON GAMMA TECH PGT x-ray PRISM Digital Spectrometer.

Le Bail refinements on the XRD patterns are carried out using the opensource software
Fullprof [376]. During refinements, general parameters, such as the scale factor, background
parameters, sample displacement, and peak shape are optimized.

Powder XRD patterns of LaixSrxMnOs3 synthesized from three different processes
(coprecipitation method calcined in oxygen, citrate solution process calcined in oxygen or air)
are shown in the following parts. The effects of substitution of strontium, the calcination
temperature, the synthesis process, and the calcination atmosphere will be compared and

discussed in detail taking some of the patterns as examples.

3.5.2.1.  Effect of synthesis temperature
The precursors are calcined at different temperatures. Figure 3-14 shows the example
of Lao.7S1r03MnOs calcined at different temperatures for the coprecipitated carbonates (a), and
the citrate calcined in oxygen (b) or air (c).
When calcined at 500 °C, there is no crystallized phase formed both in the

coprecipitation process or in the citrate solution process. The fact that an amorphous material
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is obtained instead of different crystalline oxides indicates a good mixing of the different
elements byto the solution method that prevents phase separation and crystallization of simple
oxides. The citrate method yields the pure perovskite stating from 700°C.

For the carbonate coprecipitation method, the material obtained at 700°C still presents
a multiphase system and the perovskite only appears as the major material above 900°C. The
peak position is the same, but the peak shape becomes sharper with increasing temperature of

calcination, which indicate the particles are better crystallized with larger diffraction domains.

14883 lanad -

Figure 3-14 : XRD patterns of Lao 7Sro3sMnQOj calcined at different temperatures, (a) by coprecipitation
method calcined in O (b) by citrate solution process calcined in O, (c) by citrate solution process
calcined in air

3.5.2.2.  Effect of substitution/doping of strontium

It is easy to see in Figure 3-15(a) that phases obtained at 900°C from carbonate
coprecipitation process are multiphases while the citrate process with calcination either in
oxygen or air results in a pure phase shown as Figure 3-15(b) and (c). We may have lost some
manganese upon filtering the carbonates precipitate. This is not possible to lose some elements
in the citrate method because there is no filtering step.

As shown in Figure 3-15 (b) and (¢), with varied strontium substitution ratio, the patterns
change a little concerning the peak position and peak shape, where undoped stoichiometric
LaMnOs; should adopt an orthorhombic structure, that transforms to rhombohedral with
strontium doping [314, 377]. This is due to the Jahn-Teller distortion of the Mn** (3d*) ionthat
transforms to the regular Mn*" (3d*) ion upon doping with strontium. In our case, a cubic
structure appears at both low (x = 0) and high (x = 0.5) strontium doping ratio after calcination
in oxygen. Thus, this difference with the literature may be related to the oxygen over-
stoichiometry LaMnO3:s which changes the oxidation state of Mn*" to Mn*" similarly to

strontium doping.
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Figure 3-15 : XRD patterns of La;«SrxMnOs calcined at 900 °C, (a) by carbonate coprecipitation
method calcined in O (b) by citrate solution process calcined in O, (c) by citrate solution process
calcined in air

To get a more correct information of the unit cell from the XRD patterns, the Le Bail
refinement was adopted to verify the unit cell parameters. The rhombohedral structure was used
as a reference structure for Le Bail refinement since a cubic structure would be a special case
of rhombohedron either with o = 90° (cubic P) or 60° (cubic F) anyway.

The diffraction profiles of LSMO obtained from citrate solution process either calcined
in air or oxygen are analysed by Le Bail refinement using open-source software FullProf. The
unit cell parameters can be obtained from the refinement as shown in Figure 3-16. The
refinements are based on the rhombohedral structure, the main unit cell parameters are a, b, ¢
(a=b). Unit cell volume and or are also calculated. Data from Hammouche’s work [378] are
compared with those from our work. Generally, LSMO synthesized from citrate solution

process calcined in either air at 1000 °C or oxygen at 1100 °C are identical to the results from
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Hammouche’s work. LSMO calcined in oxygen at other temperatures have the similar tendency

to Hammouche’s work with the variance of strontium substitution ratio.

Cycle: 2 ChiZ2: 1.61 LaMOo3Iv2 .uxd

Figure 3-16 : The Le-Bail refinement of Lag 7SrosMnQOj calcined at 900 °C in oxygen

LSMO calcined in air at 700 — 900 °C give irregular values while the changes are much
more regular when calcined under oxygen. This indicates that the oxygen content is probably
much better controlled under oxygen flow.

The change of angle tends towards 60° upon strontium doping (indicating a tendency to
form a cubic structure). The cell volume decreases with the strontium doping although the
Shannon and Prewitt ionic radius in XII coordination of La*" and Sr** are respectively 1.32 A
and 1.44 A. This probably indicates a higher oxidation state of Mn with the substitution of
lanthanum by strontium.

Mn*"+ La** = Sr** + Mn*"

Indeed, the cell parameter “a” of the structure relates to the distance of Mn-O-Mn
because the tolerance factor of the perovskite is below 1. Indeed, in computational works [314],
the unit cell volume is predicted to decrease with the increase of strontium doping.

The synthesis temperature influences the cell parameters when synthesis has been
performed under oxygen. The lower synthesis temperatures lead to smaller cell volume. This
may be explained by oxygen over-stoichiometry LaMnOs+s. Note that the oxygen excess is
related to the presence of cation vacancies in the unit cell and true chemical formula should be
written Las;3+sMn33+503 equivalent to LaiyMniyO3; oxygen over-stoichiometry thus decreases

the unit cell density first and like strontium oxidizes Mn®* to Mn*".
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Figure 3-17 : Cell parameters of LSMO synthesized from citrate solution process (a, c, €) calcined in
air (b, d, ) calcined in oxygen (some data are from Hammouche’s work)

Concerning the BET characterization, the calcination temperature has a big influence
on the surface area of LSMOs. Taking LSMOO0.3 synthesized from citrate solution process
calcined in air as an example, the surface area of LSMO0.3 calcined at different temperatures
as well as the nitric treated VXC-72 are listed in Table 3-6. Generally, in the selected calcination

temperature range, the surface area decreases rapidly with increase of calcination temperature.
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Table 3-6: Surface area of LSMO0.3 obtained from calcination at different temperatures in air

Temperature (°C) 700 800 900 1100
Surface area (m?g!) | 23.8 19.7 8.78 0.921

Surface area of nitric acid treated VXC-72 is 232 m? g’!

SEM images show some LSMO particles are agglomerated into big blocks while some
present as small particles. Figure 3-18 presents the SEM images of LSMOs with different
calcination temperatures, LSMO calcined at 1100 °C exhibits more agglomerated blocks than
that at 900 °C. Morphology has no big difference between LSMOs with different strontium
doping as shown in Figure 3-19. While the morphology of LSMOs synthesized with different
processes have evident different characteristic indicated in Figure 3-20. Particles from citrate
solution processes contain honeycomb foam-like structure. The calcination in oxygen yields
finer and more concentrated ‘honeycomb cells’. This foam morphology must originate from the
gas generation in a molten system during the citrate process. This structure is not seen in those

synthesized from the carbonate coprecipitation, where a dense structure is obtained instead.

Figure 3-18: SEM images of LSMOO0.3 synthesized from coprecipitation process calcined at 900 °C
(left) and 1100 °C (right)
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Figure 3-19: SEM images of LSMO synthesized from citrate solution process calcined in air calcined
at 900 °C, LSMO00.3 (left) and LSMOO0.2 (right)

Figure 3-20: SEM images of LSMO synthesized from coprecipitation process (left), citrate solution
process calcined in air (middle), calcined in oxygen (right) calcined at 900 °C

3.5.3. Electrochemical characterization of LaixSriMnQ3

The electrochemical characterization of the catalyst La;xSrxMnOj3 has been done on
inks of the catalyst formulated with conductive carbon and polymeric binder. We had a lot of
difficulties to obtain reproducible results and we finally reproduced the protocol by Sunsivitch
et al. [364] who used Nafion@ (a perfluorosulfonic acidic membrane) as the binder for making
electrodes. Then inks were deposited onto a rotating disk electrode and studied as a function of
the rotation rate.

A typical preparation method is as follows:

A slurry containing catalyst, binder, and carbon material in the solvent is made. A drop
of the slurry then is coated on the tip of RDE (Radiometer analytical) with a diameter of 3 mm
and a surface area of 0.07 cm?, after the solvent is evaporated, the active materials are attached
on the disk firmly.

First, the carbon material is treated with nitric acid to increase its hydrophilicity. Its
treatment is as below: 2 g of carbon black (VXC-72) is mixed with 20 mL nitric acid (1 M from

VWR) using an electronic mixer for 5 min, then it is put in the oven at 80 °C for 4 hours.
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Followed is the filtration of the mixture, and collection of the carbon black, then drying it
overnight in the oven at 80 °C.

Because it is delivered in its acidic form, the catalysts risk a partial dissolution in contact
with this acidic environment. 3 mL purchased Nafion solution (wt. 20%) is mixed with 2 mL
0.3 M KOH solution to neutralize it, similar way adopted from [364]. After shaking the mixture
for a night on a shaker, the obtained solution is ready to use directly.

To make the slurry, 75 mg catalyst material, 15 mg of carbon black (nitric acid treated),
and 15 mg Nafion (K" exchanged, dry mass, 125 pL solution) are well mixed in 6 mL deionized
water, followed of which, the mixture is sonicated for around 2 mins. Then 1 puL of the slurry
is dropped on the tip of glassy carbon electrode, after 10 mins drying in an oven at 60 °C, the
electrode is ready to conduct cyclic voltammetry (CV) experiment.

A three-electrode system is applied; RDE is the working electrode, platinum electrode
from Metrohm-Hach is used as counter electrode, and Ag/AgCl (3 M KCl) is the reference
electrode (with a protective KCl filled guard against corrosion), 0.3 M KOH is the electrolyte.
Potential scan ranges from -1 V to 0.5 V vs Ag/AgCl (3 M KCl) with a scan rate of 10 mV s,

The scans were started first from the OCV towards negative potentials under oxygen
bubbling. The samples showing the onset of a negative reduction current at the highest potential

(less negative) should have the best catalytic activity for ORR.

3.5.3.1. Oxygen reduction effect of LSMO

To prove that the reaction involves an oxygen reduction, oxygen-nitrogen shift to the
electrolyte has been adopted. Lao.7Sr0.3MnOs synthesized from citrate solution process calcined
in air is used as catalyst. As is shown in Figure 3-21, before the CV scan, oxygen is firstly
bubbled into the electrolyte for 30 min to get saturated. As the potential scan starts, there
appears a reductive peak with an onset potential of around -0.2 V vs Ag/AgCl (3 M KCl).

When the gas is shifted to nitrogen, the reductive current dramatically decreases, with
more cycles of nitrogen bubbling, the reductive current goes lower to nearly flat. When oxygen
is shifted back, the reductive current immediately reappears, though the current is not as high
as the first scan with oxygen bubbling, due to lower oxygen concentration in the electrolyte.
With further oxygen bubbling for 30 min, the current turns back closely to the first cycle
obtained under oxygen. This indicates that the reduction current is linked to oxygen reduction.

This indeed proves that we are actually studying oxygen reduction reactions.
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Figure 3-21 : CVs of Lag.7Sr0.3MnOs in electrolyte with shifted oxygen-nitrogen-oxygen, at 1500 rpm

3.5.3.2. Effect of treatment of the ink

From many trials of this experiment, we found that the ink treatment is quite important
to make sure that the CV experiments are reproducible and comparable.

In this case, mixing homogeneously using a motor ultraturrax (XENOX MHX/E) and
sonication by an ultrasonic processor UP100H (100W, 30kHz from Hielscher). The rotor
ultraturax mixing duration is 5 mins to get a homogeneous state, and sonication is lasted for 2
mins where the particles in ink are well-broken and the solvent is not too hot to be evaporated.
The inks are dropped on the disk electrode immediately after the sonication to avoid
heterogeneity caused by further settlement.

To show the effect of sonication on the dispersion of catalyst, Figure 3-22 shows the
cyclic voltammograms obtained using 10 uL of the same ink without and with sonication for 2
min. We can observe that the ink obtained from simple mixing shows a much larger capacitive

effect than that after sonication.
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Figure 3-22: Cyclic voltammograms from inks with different mixing treatment, catalyst was
Lao 7Sro3MnOs calcined at 800 °C in air synthesized from citrate solution process. Mixture of 75 mg
catalyst material, 15 mg of carbon black (nitric acid treated), and 15 mg Nafion. All mixed with
ultraturax for 5 min and sonicated for 2 min or not. Drop volume 10 pL deposited onto a glassy carbon
rotating electrode

This shows the importance of two types of mixing distributive mixing (homogeneous
mixture of carbon, polymer binder and catalyst) obtained by the ultraturrax and dispersive

(breaking the catalysts into smaller grains) obtained by sonication.
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Figure 3-23: Illustration of the two types of mixing particles into a binder [379]

3.5.3.3. Reproductivity of the experiment
As shown for the effect of sonication, during repeating the experiments, we found that

reproductivity is not easy to be ensured. Every parameter maybe sensitive to the final cyclic
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voltammogram. After strictly controlling all the mixing, the composition of each material in the

ink, the oxygen concentration in the electrolyte etc., we could finally obtain reproducible results.
As shown in Figure 3-24, the experiments are done either with the same ink, or with the

inks containing the same materials. All the experiments are prepared at different times, namely
four experiments separated by days or weeks. The catalyst Lag7Sro3MnOs; (LSMOO0.3) is
obtained from citrate solution process calcined in air at 900 °C. The catalyst powders are kept
in a plastic bottle sealed with parafilm, so the possible reactions between the power and
atmosphere components (water, CO2, oxygen) can be limited to maximum. Figure 3-24(a)
shows the cyclic voltammograms of two experiments from the same ink. The ink for the
repeated one is mixed for 3 mins before use. Figure 3-24(b) presents the repeating experiments
from two inks prepared separately which are conducted in different days. Even though the
cyclic voltammograms are not completely the same, in general the onset potentials for oxygen

reduction in the experiments are nearly the same which is the most important for catalysts

comparison.
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Figure 3-24 : Repeating experiments with (a) the same ink conducted at different times 1500 rpm with
O, saturation in the electrolyte (b) and inks with same compositions prepared at different times

3.5.3.4. The first scan of the ink
We observe that the first scans of the cyclic voltametric experiments are quite different
from the other scans which is very little discussed in articles. LSMO0.3 synthesized from citrate
solution process under calcination at 900 °C in air is used for the scans.
The ink is composed of 75 mg LSMOO0.3, 15 mg VXC-72, 15 mg Nafion in 6 mL
deionized water (5:1:1 in mass ratio), after mixing for 5 mins and sonication for 2 mins before

use. Before reutilization of the ink, mixing for 3 mins is applied every time. The voltammetry
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has been performed without rotation seen from Figure 3-25, there are two clear cathodic peaks
during scan towards the negative potential, and two anodic peaks during the first positive scan
in every scan in O saturated electrolyte. Moreover, there is big difference between the first and
the second scan (and following scans) about the first cathodic peak as Figure 3-25(b) shows.
The sharp reduction peak slowly disappears in the second and following scans.

The first cathodic peak disappears anyway in N saturated electrolyte observed from
both Figure 3-25(a) and (b), which indicates that the first cathodic peak can be referred to
oxygen reduction reaction. This transitory peak is probably linked to pre-adsorbed species on
the dry ink.

The second cathodic peak is also different between the first scan and the others, either
in N2 or Oz saturated electrolyte. Generally, after first scan, the second cathodic peak locates
more positive, while with further scans, the potential location changes a little. The second
cathodic peak is reported to correspond with the first anodic peak during the positive scan [380],
they are Mn** reduction to Mn?" and Mn?" oxidation to Mn*", respectively. It may also be
attributed to the high oxygen coverage on the surface of the dry ink, which needs more
overpotential for reduction. The second anodic peak seems not relative to the gas atmosphere
in electrolyte, its position moves towards positive potentials with shift of atmosphere usingthe
same electrode. It may be related to OH™ oxidized to HO>", while atmosphere is shifting, the
progressive OH™ desorption from the electrode surface to the electrolyte, meantime the OH™ in
the electrolyte also transports to the near surface of electrode, which makes the overpotential

higher as well as a little higher current.
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Figure 3-25 : Cyclic voltammograms of Lao 7Sro3MnQOs in electrolyte saturated with different gas (a)
from N, to Oz; (b) from O to N,, without rotation
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The first cathodic peak is related to oxygen reduction as rationalized above by the

necessary presence of oxygen bubbling.

Concerning which component in the ink plays this role, other inks containing different

components have been also studied as shown in Figure 3-26.

- Without VXC-72 in the ink, the first and second cathodic peak seem integrate into
one broad peak. The onset potential is slightly more negative than that with VXC-
72 in the ink.

- Without LSMOO0.3 in the ink, there is only one sharp cathodic peak, corresponding
to the first cathodic peak in the case with LSMOO0.3 in the ink. While the onset
potential is more negative, namely more overpotential, which also demonstrates that
the VXC-72 alone has catalytic activity for oxygen reduction, though lower than
LSMOO0.3.

- The similar case is seen on bare glassy carbon which also has a weak oxygen
reduction activity.

- As for the two anodic peaks, they are undoubtedly associated to the LSMOO0.3
because they are not observed when it is not present.

So, the sharp reduction peak does not seem to be specific of the LSMO catalysts because

it is observed with the carbon alone. But it changes in the presence of LSMO and there is a

synergic effect of both carbon and LSMO. There may be also an impurity in the Nafion or in

the solution which is irreversibly decomposed by the reduction.

Current density / mA cm ’

To avoid this transitory effect, we exclusively used the data from the second scan.

1
14
0 - ]
€ 4
44 - 1
23 £ .24 Crrygen saTuration
z Electrolyte: 0.3 M KOH
3. Omveen siruration . = Scam rate: 10 mV <"
Electrobvie: 0.3 M KOH s 3 5 uL drop
Scan rate: 10 mV 5* = LSMO03:VXC-T2:Naflon
4 SpLdmp | . _ H =£:1:1
LSMO03:-VEC-T2 N afion LEMO03+VXC+Naflom]| ad 0 rpm —— LEAIOD 3V X C+Nafiom
=511 N | LEMOD0S+Nafion Second scan i LEMICOH 3+ Nation
5.4 OGrpm — VX C+XNafion | VR C<+Nafion
First scan ' ‘ . : bar 'l“"-"“' carbom 5 bare glssy carbon
12 10 08 06 04 02 00 02 04 42 40 08 06 404 02 00 02 04
Potential vs Ag/AgCl (3 M KCI) Potential vs Ag/AgCl (3 M KCI)

Figure 3-26 : First scan (a) and second scan (b) of cyclic voltammograms of inks with different
components
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3.5.3.5. Effect of the ink composition

The effects of carbon and catalyst are separately tested with the cyclic voltammetry
method. Three inks are prepared:

- 75 mg LSMO+15 mg VXC-72+15 mg Nafion, i.e., the complete formulation

- 75 mg LSMO+15 mg Nafion, i.e., no carbon

- 15 mg VXC-72+15 mg Nafion, i.e., no catalyst

Figure 3-27(a) and (b) shows the three electrodes using the above-mentioned inks and
the bare glassy carbon under N> and O, bubbling, respectively. The fluctuations are sometimes
caused by the oxygen bubbling. Note that the experiments have been carried out without any
rotation.

Under nitrogen, we can observe that glassy carbon and VXC-72 show a low capacitive
effect. LSMOO0.3 shows a large capacitive effect, and it is emphasized by the presence of carbon
which probably brings a better conductivity. We may speak of pseudo-capacitive effect because
it is superimposed with oxidation and reduction peaks. When VXC-72 is added, all the redox
reactions on LSMOO0.3 are also sharper, with evident redox peaks, which is owing to the
conductivity increase by VXC-72.

Under oxygen, all samples show a reduction current below -0.2 V vs Ag/AgCl but the
reduction current is much higher (more negative) with the catalyst alone and maximal with the

mixture catalyst—carbon.
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Figure 3-27: CV curves of different inks with different components in bubbling N (a) and O (b)

Figure 3-28 presents the effect of the convection generated from rotation of RDE. With

enough oxygen transport to the electrode, the same conclusion can be obtained that the VXC-
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72 has oxygen reductive catalytic activity, and LSMO0.3 presents higher activity from the more

positive onset potential.
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Figure 3-28: CV curves of different inks with different components (a) VXC-72+Nafion (b)
LSMO0.3+Nafion in bubbling O, with different rotation rates

3.5.3.6. Effect of scan rate
The anodic peaks are not visible when scan rate is low under the rotation rate of 1500
rpm, while they are more clearly seen with higher scan rate (> 20 mV s™') as seen from Figure
3-29. Thus, 10 mV s’ is a proper scan rate for this series of CV studies.
Moreover, the current density measured at 0.2 V has a linear relationship with the scan
rate, which accords to the capacitor characterization (Figure 3-30). Indeed, the current observed

on a capacitor should be calculated as

Equation3-4: [ =Cv

Where C is the capacity in Farads and v is the scan rate (in V s™).

We obtain for the sample a capacity of around 10 F cm™ as indicated in Figure 3-30.
This value is quite interesting as a matter of fact and although it was not our topics which should
require a further study (change of electrolyte) for application to supercapacitors.

The capacitive effect is a problem for the study of the electrochemical reactions. Based
on this, we decide to normalize the current density according to that measured at 0.2 V to
eliminate the capacity contribution from the true faradaic contribution of the ORR reaction.

Also, a scan rate of 10 mV s™! was considered as a good choice to avoid too large capacity

effect.
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Figure 3-29 : CV curves of LSMO0.3 at different scan rates
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Figure 3-30 : Current density-scan rate relationship, current density is the medium of anodic and
cathodic current density at 0.2 V

3.5.3.7. Analysis of the electrochemical behavior without rotation as a
supercapacitor effect

Those readers who are only interested in ORR reactions can easily skip the following
paragraph, because we are going to apply the methodology for studying supercapacitors. But
this is a macroscopic approach which should be taken with caution because it does not
differentiate properly redox reactions from capacitive effects.

The capacity measured with the LSMO-carbon-Nafion mixture is worth a study for
supercapacitor applications. So, in the following part, we have studied the electrode in static
mode (not rotation of the RDE) but with the approach that some use to study supercapacitors.
This is interesting because many studies have studied supercapacitors made with oxides without
paying much attention to redox reactions. This was associated to pseudo-capacitive effects. Of
course, they study them under sealed conditions without oxygen bubbling. But some effects

may be associated to some oxygen dissolved in the solutions.
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The charges pass through the electrode are composed of three parts:

- the faradaic charges from electron-transfer redox reactions in the bulk electrode.

- the faradaic charges from electron-transfer through the surface atoms, also called as
pseudo-capacitance.

- capacitive, i.e., non-faradaic charges from double-layer effect.

Considering all the components, the current passing through electrode can be expressed

as below [381]:

Equation 3-5: i =avb
where i is the measured current, v is the scan rate.
Normally, b value is between 0.5 to 1 which are from the pure redox reaction (b = 0.5)
limited by diffusion of species regardless the reversibility of the reaction, and from the pure
capacitance (b = 1), based on the two equations below:

For redox reaction:

Equation 3-6: i = nFACoDl/Zvl/Z(amF/RT)l/2 n1/2¢>(E)

where Co is the surface concentration of the electrode material, a is the transfer
coefficient, D is the chemical diffusion coefficient, n is the number of electrons involved in the
electrode reaction, A is the surface area of the electrode materials, and ¢(E), a function
represents the normalized current for a totally irreversible system as indicated by the cyclic
voltametric response, which is dependent on potential E, F, R, T have their normal meanings.

For the capacitance as Equation 3-4.

The value of b can explain the electrochemical system is more a battery or a capacitor,

which can be obtained from the slope of logi~logv.

141



10
, babbiling
Electrotyie: 0.3 5 KO 0, buirbling
Gilay carfon Elecirolyie: 03 M KOH
LEE " LEE
b E
E =]
i
g 08+ =~ 001
| —hamrt g-uu-
= ot 3
g P E
s st '
- 0 ey a! “ e
ey
v 1)
— 0
A8 T ¥ v v * ¥ + 1 -8 T T T T T T T +
-2 40 408 £E L4 H2 00 02 04 A2 40 08 08 04 02 00 02 04
- Potential v Ag/AzCl (3 M KCT) oy Putential vs Ag/AgC] (3 M KCY)
5, babdr g
Eleriralyte: 0.3 M KOH
oo of lmk: & mi. water
05 4pL drop 0.5 - O belbing
- PrLogmiely A0 - Elerabyie: 008 KOR
E ki E watvent ol imki § mil water
: ; £ il dvap
g [LF #an] THRaE
i\. r i ! el e
454 — A 05 |
= v 5 = vyt
: =l b
S e s < a0 i
! |
et [ et
15 T B T
42 48 £H8 06 H4 £2 00 02 04 12 A0 08 06 04 02 00 02 04
Patential vs Ag/AgCl (3 M KCT) Potential vs Ag/AgCl (3 M KCT)
5 ]
e
3 -

-
i M

"
-
L

Current demsity | mA cm®
-

2 -
=3 =
4 -
P32 A0 4 45 44 42 o oz s R o PR S A
5 < 42 40 08 06 04 02 00 02 04
v RER 4 - -
“ Patential vs Ag/AgC1 (3 M KCT) N . vs Ag/AZC] (3 MKC)
104 N, babbliag 10 -
g Eerobye 03 Ko
T slvest of tnk: & ml water .-
i) 8 &l drog - &
g LEMOOEVEC T2iNallon T "1
i 4 4 =il g
1]
E- e o E 24
s
1 £ 0
3 29 E L)
E < z “+
5 *1 £ .
Fe Z .
A0 ]
-10 - — w5
42 7 B}
42 40 08 06 H4 402 08 02 04 12

42 40 £8 46 04 02 08 02 04
Patential vs Ag/AgCl (3 M KOCD)
Potential vs Ag/ApCl (3 M KCT)

Figure 3-31: The CV curves from inks with different compositions under different scan rates and
different gas bubbling; left column with N, and right for O,

142



Figure 3-31 shows all the CV curves obtained from different components under different

scan rates in either Oz or N> atmosphere. The curves associated to nitrogen bubbling could be

characteristic of materials for capacitors. Anodic and cathodic currents compensate each other

Those obtained with oxygen bubbling would not be acceptable because the anodic charge is

much larger that the cathodic one as shown in Figure 3-32. This, of course, exhibits a non-

reversible reaction.
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bubbling

143



Anodic currents at potential of 0, 0.1, and 0.2 V are selected to plot logi~logv. For all
the plots, the R-squared values are larger than 0.99, indicating very good linear relationship as
shown in Figure 3-33 as an example. The detailed slopes are listed in Table 3-7. Among them,
all follows a good linearity in all the applied scan rate range, except the cases with all the
composition of LSMO + VXC-72 + Nafion which present much higher currents and two slopes
in two smaller range of scan rates. In these cases, the scan rate has a bigger influence on the

reactions or adsorption state on the electrode surface than the other cases with less components

in the ink.
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Figure 3-33: logi ~ logv plots

As mentioned above, the slope b closer to 0.5 means the redox reaction dominates in
the electrochemical process, approaching to 1 indicates capacitive effect is the main element.
From Table 3-7, we can know that the bare glassy carbon and VXC-72 + Nafion show a b
coefficient of 0.7 - 0.8. This should be a capacitive effect but limited by the diffusion of species
in the electrolyte. A similar b parameter is seen in in the case with LSMO + Nafion than that
with VXC-72 + Nafion, which is also clearly seen in the CV curves above.

Specially for the case with all the components LSMO + VXC-72 + Nafion, the cyclic
voltammetry shows bumps associated to redox reactions. And the log (i) - log(v) plots show
two regimes associated to low (5, 10, 20 mV s!) and high scan rates (20 — 120 mV s!). Not

only the scan rate influences the slope, but the potential also plays a role. At 0 V, with low scan
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rate, there exists mostly redox performance on the electrode when bubbling N2, while it changes
to capacitive when bubbling O»; at high scan rate, the situation reverses, namely, the capacitive
effect decreases with N> changing to O>. Except for the condition at 0 V with N> bubbling, the
others all present more reactive effect at high scan rates than at low scan rates. At 0.1 V, with
O introducing, the redox effect increases at both low and high scan rates. At 0.2 V, the electrode
exhibits mostly a characteristic capacitor behavior either under N> or O> bubbling. This can also
support the choice of the current at 0.2 V as a normalization standard. Moreover, 10 mV s!
selected as the scan rate for different perovskites comparison is reasonable. The capacitance
decreases a little with O> bubbling at low scan rates, while the reactive effect decreases a little

at high scan rates.

Table 3-7 : All the slopes of logi~logv plots

GC ov 0.1V 0.2V

N2 0.7324 0.7266 0.7313
02 0.7102 0.6737 0.6637
VXC+GC

N2 0.7668 0.7738 0.7469
02 0.8278 0.7914 0.785
LSMO+GC

N2 0.6848 0.6471 0.6878
02 0.7131 0.7184 0.7714

LSMO+VXC+GC

N2

51020 mV s!

20 40 60 80 100 120 mV s!

(0}
51020 mV s!
20 40 60 80 100 120 mV s!

3.5.3.8. Effect of rotating rate
The rotating rates are increased from 0 to 3000 rpm, and back to 400 rpm to check the

reversibility and the loss of powder in Figure 3-34. Indeed, high rotation rate may bring to the
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loss of powder from the ink deposit. But if the current returns to its original value, we may
prove that this did not occur.

Indeed, there is always a loss of reactivity with more cycles on, seen from the onset
potential change of oxygen reduction reaction. The ORR reduction curves show an expected
increase of the reduction current as a function of the rotation of the disk electrode as shown in
Figure 3-34. There is a plateau below -0.6 V which is related to the limitation of current by the
convection of oxygen species. A true plateau is never achieved, and this may be due to a
diffusion of species in the thickness of the electrode as well as some other redox reactions
appearing at lower potentials.

We plotted the current at -0.7 V vs Ag-AgCl as a function of ', This is shown in

Figure 3-35. A very good linear relationship is observed between i"! and ' based on the

Koutecky-Levich analysis, taken with Equation 3-3 : im = 0.62nFADo 213y YeC 0012, (F is

the faradic constant 96485 C mol™!, D is the oxygen diffusion coefficient which is2.1*10” cm?
s, v is the kinetic viscosity of electrolyte which is 0.01 cm?s™!, and C is the concentration of
oxygen in electrolyte which is 1.3*10 mol cm™) shown in Figure 3-35, so that the electron

transfer number n is calculated 3.96 based on Equation 3-2 and Equation 3-3. So, we verify:

O2+H0+4¢ 2> 40H
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Figure 3-34 : CV curves at different rotation rates
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Figure 3-35 : Koutecky-Levich analysis of the CVs in Figure 3-34, current density is the one at
potential of -0.7 V vs Ag/AgClI (3 M KCI)

As is indicated by Equation 3-3, the limiting current from ORR on RDE is proportional
to oxygen concentration in the electrolyte. By bubbling pure oxygen (1 atm of oxygen) or air
(0.2 atm of oxygen) into the electrolyte we should expect a ratio of 1/5 in the limiting current.
This is indeed the case, Figure 3-36 further demonstrates that the limiting current density is
clearly related to oxygen pressure. It is -4.5 mA c¢cm™ for oxygen gas and -1 mA cm™ for air

bubbling. This proves again that is an oxygen reduction reaction.
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Figure 3-36 : CV curves under different concentrations of oxygen
3.5.3.9. Effect of drop volume
The optimized loading mass of catalyst on disk electrodes is commonly seen around 250
ng cm? in articles. While it is found that drop volume has a big influence on the cyclic

voltammogram, especially for the limiting current plateau and the onset potential for oxygen
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reduction reaction. This is expected because it relates to the geometrical area of the electrode.
Pictures obtained on the electrodes in Figure 3-37 show that they have the same diameter with

different thicknesses and coverages.

-

1yl Iub

Figure 3-37: Pictures of the electrodes loaded with different drop volumes of ink

Therefore, we have studied the effect of the volume of the ink drop deposited onto the
rotating disk electrode. Drop volumes between 1 pL and 10 pL were studied. These different
loadings of ink on the disk show different capacitive effects exhibited in potential range of O -
0.3 V as presented in Figure 3-38(a). Generally, the higher the loading, the higher the capacitive
current. They nearly show the same limiting current within 5 pL loading.

If we normalize the current ascribed to capacitive current based on the curve from 1 uL,
we may investigate the effect of the redox reactions as indicated in Figure 3-38(b). All the

curves nearly have the same onset potential. Taken into consideration the limiting current

plateau, which indicating a complete diffusion-limited region, 3 uL or 5 uL are both favorable.
because they yield a flat plateau of limiting current. The 10 pL drop does not give a flat plateau
because it is probably too thick. Thus, we choose 5 puL for most of the studies because a better

coverage of the ink on the glassy carbon disk whereas the 3 puL drop after drying is merely able

to cover whole surface of disk.
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Figure 3-38 : (a) Original CV curves from inks with different drop volumes on the disk; (b) the
corresponding normalized CV curves

3.5.3.10. Effect of different carbons and of formulations

As mentioned above, VXC-72 has a catalytic activity towards ORR and has a relatively

strong adsorption ability. Other kinds of carbon materials have been also studied for

comparison. Active carbon and graphite are treated with nitric acid the same way as VXC-72.

The ink containing VXC-72 shows extraordinarily higher limiting current than the others, as

well as a more positive onset potential from Figure 3-39. Curves located at 0 — 0.3 V are similar

among these three carbon materials. This indicates a same capacitive effect.
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Figure 3-39 : CV curves of inks containing different types of carbon materials

Varying the content of VXC-72 or Nafion in the ink also generates an enormous

difference as shown in Figure 3-40 and Figure 3-41. High loadings of VXC-72 or low loadings

149




of Nafion make the CV curves much “fatter” indicating a higher capacitive effect. Less VXC-
72 content may contribute to lower electronic conductivity, which results in lower limiting
current density and lower oxygen reduction activity. Too little Nafion is not enough to bind the

materials well to the disk, and results in fluctration in the CV curve.
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corresponding normalized CV curves

2 1 b
1 0-
0 Crvgem bubbling

s Elsctrahoe 0.3 M KON o

Scan rwie: W0 mYV o'

5
L

} Oy gen bubbling
—— = - S Eleciralyie 030 KON

/ Sean rate 10 mY o
"] 4 ‘j £l drop

v ""?‘:_Ha:-‘._,_‘// | ‘—‘——-"\// TS TSN -

+ I—T i LR $13C =1 Mawet 4 e idreedt
| ) L0 VN ¥ Waleed § b | LRIOE S VAL T Malessd ) B
J N E— LIOL YR TE R viee ) 1 E [ LSNOSS VS ¥ Nafeed § 01

Y T T T T = = | — T T —— 8 t . 1 v T
42 40 08 08 04 D2 oo 02 04 A2 48 08 08 04 0.2 00 02 o4
Potential vs Ag/iAgCl (3 M KCT) Potential vs Ag/AgCl(3M KCI)

Carrent density / mA em *
e
Current density / mA cm *
'S

Figure 3-41 : (a) Original CV curves from inks with different quantities of Nafion in the ink; (b) the
corresponding normalized CV curves

Based on the above, a formulation for ink composed of 75 mg LSMO, 15 mg VXC-72,

15 mg Nafion in 6 mL deionized water is preferable for comparison consideration.

3.5.3.11. Effect of synthesis route of the catalysts
Three processes are applied to synthesize LSMOs, including citrate solution process

during which calcination is undergoing either in air or oxygen atmosphere, and carbonate
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coprecipitation process calcination in oxygen. We now observe the onset of reduction current
around -0.2 V. Taking LSMO0.3 calcined at 900 °C from three processes for comparison as
presented in Figure 3-42. It shows that calcination in oxygen exhibits a little higher oxygen
reduction activity than that in air, and citrate solution process shows the best performance.
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Figure 3-42 : CV curves of LSMO0.3 calcined from three processes

3.5.3.12. Effect of calcination temperature
As is mentioned above, higher capacitive effect generally shows more positive onset
potential, which is also seen in Figure 3-43(a). After normalization the capacitive effect, we can
compare the effect donated from electrochemical performance. LSMOO0.3 synthesized from
citrate solution process calcined in air at different temperatures are characterized by BET, for

recalling, their surface areas are listed as below:

Table 3-8 : Surface area of LSMO0.3 obtained from calcination at different temperatures in air

Temperature (°C) 700 800 900 1100

Surface area (m?g!) | 23.8 19.7 8.78 0.921

Surface area of nitric acid treated VXC-72 is 232 m? g'!

Calcination temperature has an evident effect on surface area. While compared to the surface area of
VXC-72, they are much lower.

From Figure 3-43(a), the surface area between LSMO0.3 calcined at 800, 900, 1100°C
does not bring about much difference in the aspects of capacitive effect. But a catalytic affect
is associated also to the carbon area. We considered that the capacitive effect is due to the
carbon only. So, we normalized the curves to the capacitive effect to be sure that all electrodes

are related to the same surface of carbon.
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After this normalization we can see that the best catalytic effect is observed for the
sample obtained at 800°C because of its highest ORR onset potential as shown in Figure 3-43(c¢).
This may be a compromise between the good crystallinity of the perovskite (as seen by the

width of the X-ray diffraction peaks) and a high surface area as measured by BET).
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Figure 3-43 : (a) Original CV curves of LSMOO0.3 synthesized from citrate solution process calcined in
air at different temperatures; (b) the corresponding normalized CV curves; (c) the subsection of curve
from negative scan in the range of -0.6 - 0.1 V

3.5.3.13. Effect of strontium doping

For this series of experiments, LSMOs with different strontium doping ratios from 0 to
0.5 are synthesized from citrate process and calcination at 900 °C in air at the same time. The
mixture of 75 mg of LSMO, 15 mg VXC-72, 15 mg Nafion (125 pL Nafion solution) is
dispersed in 6 mL deionized water. After mixing and sonication, 5 puL inks are dropped on the
glassy carbon disk. The CV curves are obtained under Oz bubbling and 1500 rpm.

Strontium doping brings about significant difference in capacitive effect as shown in
Figure 3-44(a). After normalization of the capacitive effect, the difference of electroactivity

between each other can be compared. They show around 0.1 V difference of the potential at
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normalized current density of 0.75 mA cm as presented in Figure 3-44(c). The compound with
x=0.3, LSMOO0.3 exhibits the highest activity. The performance between LSMOO0.2 and
LSMO0.4 is similar, so is among LSMOO0, LSMOO0.1, LSMOO.5.
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Figure 3-44 : (a) Original CV curves of LSMOs with different Sr doping synthesized from citrate
solution process calcined in air at different temperatures; (b) the corresponding normalized CV curves;
(c) the subsection of curve from negative scan in the range of -0.4 - 0.1 V

The Tafel slopes obtained from plot (logi-potential) in Figure 3-45 are around -160 + 10
mV dec!, except for the case of LSMOO0.3 which is -127 mV dec™. The slopes of the cases
LSMOO0, LSMOO.1, and LSMOO.5 are close, so are those of LSMO0.2 and LSMO0.4. Assumed
that ORR has the same reaction mechanism on all the LMSOs, difference in Tafel slopes could

therefore be concluded from different charge transfer coefficient a according to the simplified

equation of Tafel slope2:3R8T, [382] The first electron transfer is the rate determining step which
anF

is also commonly accepted in articles.
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3.5.4. Conclusion

Based on the studies on LSMO characterization, it is concluded that ink-RDE
characterization method is a very sensitive experiment. If not well controlled, the experimental
error may be greater than the difference among them.

We optimized a method for mixing and formulating inks and obtained reproducible data.

For optimization of the ink formulation, an appropriate selection of carbon material,
material composition, drop volume on the disk can be decided. Too much catalyst, or carbon
material would increase the capacitive effect.

The first scans of the LSMO inks are different from the following scans because of the
original adsorption state of the electrode. The scan rate of 10 mV s and the way for normalizing
the current density is rationalized. The capacitive effect and redox reaction effect both exist in
the anodic current at potential of 0 - 0.2 V.

For the catalysts synthesized from different processes, the ones calcined in oxygen
shows higher ORR activity than those calcined in air. Citrate solution process can obtain better
crystallized structures and less impurities, which also contributes to its better performance for
ORR activity. Calcination temperature generates evident difference in the surface area
Calcination at 800 - 900 °C appears as good compromise between good activity and good
surface area.

For the doping content, Strontium doping with an atomic ratio of 0.3 to lanthanum (i.e.,
Lao 7Sr03MnOs shows the best catalytic activity.

All these formulations studies made for rotating disk electrode and optimization of the
analytical studies can be useful for the formulation of true membrane electrode assemblies that

we are going to show in the next paragraph.

3.6. Air electrode and zinc-air battery assembly

In rechargeable batteries or fuel cells, air electrode is commonly composed of:

1) A catalyst layer containing catalyst particles for ORR and OER, carbon particles and
ionomers. This layer must be hydrophilic to allow access of the electrolyte at the
triple interface (ions-gas-electrode).

2) A gas diffusion layer (GDL) which is hydrophobic. This is a porous layer that allows
the gases to access to the electrode but prevents the electrolyte to leak out and to

soak the porosity.
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3) A current collector that collects charges. It can also be a Nickel support (grid or
foam) that will be active for OER reactions. In this case the Nickel grid is in the
inside near the electrolyte of at least intermediate between the hydrophilic catalyst
layer and the hydrophobic GDL, so that it is soaked in the electrolyte.

There are two-electrodes and three-electrodes configuration for zinc-air batteries or fuel
cells, ORR and OER both take place on the air electrode during charge-discharge cycles. In
three-electrodes configuration, ORR and OER are separately performed on different electrodes,
which generally improves the problem of short cycle-life of two-electrodes configuration,
though with the sacrifice of configuration and operation complexity.

Carbon materials are responsible for electron conducting and ionomers are for binding
the materials and ionic conducting. The materials can be physically or chemically combined.
The former cases are commonly seen in the conventional electrode formulation with metal
oxides catalysts and the latter are usually seen in the carbon-based catalysts.

There are carbon based and metal based GDLs. The latter ones show better electrical
conductivity and oxidative stability than the former. Carbon based GDLs face the disadvantage
of oxidative corrosion attributed to intrinsic reductive property of carbon material, while metal
substrates avoid this issue well by formation of the metal oxide or hydroxide, which are hard to
be oxidized. Graphitization of carbon powders enhance its corrosion resistance [383].

In general, the suitable hydrophilicity or hydrophobicity of the material in the air
electrode determines the catalytic activity and stability. Besides, conductivity is another
requisite for air electrode. These conditions can be realized by adding hydrophobic polymers
like Polytetrafluoroethylene (PTFE), polyvinylidene difluoride (PVDF) and/or fluorinated
ethylene propylene (FEP) to GDL with impregnating method. Different kinds of hydrophobic
agents and different quantities used will affect the degree of the hydrophobicity. Figure 3-46
presents the main polymers utilized as binder in lithium-air batteries.

PTFE is commonly used in air electrode formulation of its very good resistant to alkaline
electrolytes, oxidation, and high hydrophobicity. Hydrophilic membranes can be obtained by
mixing PVDF with carbons or oxides in lower concentration (10 - 30%) and hydrophobic
performance in higher PVDF concentrations (30 - 70%) [384]. Many manufacturers realize
membranes with gradients of hydrophobicity because it is easier to attach 5 layers with a small
difference of composition than two rather different layers.

There are various methods to realize the integration of the layers, including mechanical
and chemical attachment, e.g., pressing, direct coating and sputtering, hydrothermal treatment,

electrodeposition, electrospinning, etc. The mechanical attachment outweighs in therespective
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of convenient operation, though faces the problem of weak physical contact, which causes high
interface electronic transfer resistance. Overall good integration of the layers should be ensured

for the good contact between the layers and the porous structure.
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Figure 3-46 : The main binders applied in lithium-air batteries [385]

3.6.1. PTFE used as the binder used in air electrode

Lithium-ion batteries are the most popular commercialized batteries. PTFE and PVDF
are widely used as binder in lithium-ion batteries [386, 387]. They are also effective to be
applied for the zinc-air batteries, commonly used in academic studies. Table 3-9 is a simple
collection of the application of PTFE in air electrode where PTFE can be used either in catalytic

layer or GDL.

Table 3-9 : Air electrode formulations of alkaline metal-air rechargeable batteries

current
Catalytic layer GDL Attachment Ref
collector
PTFE (1%): acetylene
Pressure 4 MPa
black: catalyst = 10:40:50 | Purchased Nickel foam [312]
for 30s
wt.%
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Catalyst : Super P : 5%
Activated carbon ) )
Nafion solution (5%) =7 Nickel foam Coating [388]
and PTFE
:7:6
PTFE (10%), catalyst and | Carbon and
Nickel mesh Rolling [383]
Vulcan XC 72 PTFE
PTFE (10%), catalyst and | Carbon and lead-plated )
Rolling [389]
Vulcan XC 72 PTFE copper screen

3.6.2. PVDF-HFP used as the binder in air electrode

PVDF is conventionally used as binder in the lithium-ion batteries [390]. With the
development of Li-O; batteries, it is widely used in Li-O; as well. While it is reported that
PVDF would undergo degradation in Li-O» batteries resulting in the formation of LiF [391-
393]. The fluorinated derivatives of PVDF, PVDF-HFP is also applied as binder inlithium-ion
batteries, in electrode, electrolyte or separator [394-396]. As a copolymer of PVDF and HFP
(hexafluoropropylene): the -PVDF group is quite crystallized, offering a good quality of
mechanical strength, the -HFP group containing F atom with strong electronegativity, capable
of enlarging the amorphous region in polymer matrix, facilitating for higher concentration of
charge carriers, and capturing lithium ions to migrate within the disorder region, thus providing
good ionic conductivity. It is investigated that the electrochemical behaviors of PVDF-HFP
electrodes achieved the best with a mass ratio of around 2.5 - 5% in the cathode of lithium-ion
battery [390]. The HFP content in PVDF-HFP, the removal method of an ancillary plasticizer
(propylene carbonate (PC), di-n-butyl phthalate (DBP)), are proved to have little influence on
the discharge capacity and rate capability of positive electrode of lithium-ion battery. Porosity
decrease is not a decisive factor that deteriorate the performance of electrode of lithium-ion
batteries [394]. PVDF-HFP is also succeeded for application in cathode, electrolyte, or
separator of Li-O; batteries and fuel cells due to the good air permeability and ionic conductivity
[385, 397-399]. Table 3-10 lists some cases of PVDF-HFP or PVDF application as binder in
cathode of Li-Oy/air batteries. Pan et al. [398] compared the performance of three electrodes
using three binders, PVDF-HFP, PFTE, and Nafion, respectively, in the alkaline-acid direct
ethylene glycol fuel cells. It was revealed that the cathodes with PVDF-HFP as binder showed
the best performance either in the cycle test or the power density. It was indicated that the low
ohmic resistance of PVDF-HFP from its intrinsic porous property was the key for enhancing

the anodic reaction kinetics.
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The application of PVDF-HFP is rarely reported in other metal-air batteries, especially
applied as binder in the cathode. It was utilized as binder in the zinc electrode of a zinc-air solid
rechargeable battery [400]. In the following work, we aim to have a research about the effect
of PVDF-HFP as a binder in the air electrode of zinc-air battery from a functional and economic
standpoint of view. To make a porous electrode, we apply DBP as a plasticizer and ether to

extract it. Besides, air electrode using PTFE as binder will also be formulated and compared.

Table 3-10 : PVDF-HFP or PVDF as binder used in Li-O»/air batteries

Catalytic layer Current Attachment Ref
collector

Carbon Super P: PVDF-HFP binder: a- Aluminum Cast and dry at [401,

MnO; nanowire = 25:33:42 (mass ratio) mesh 120°C 402]

Ru/RuOx/ITO: PVDF-HFP = 85:15 Carbon Deposition using | [403]

(mass ratio), catalyst loading of 0.9+0.1 coated GDL | a doctor blade

mg cm™ technique

Active carbon materials composed of Ni-mesh Cast [404]

13C (97%): PVDF (Kynar 2801) =90:10

(mass ratio), catalyst loading of 1 mg cm"

2

Resorcinol-formaldehyde (RF) aerogel: Ni metal Electro-spraying | [405]

a-MnO> nanomaterials: PVDF = foam

64:16:20 (mass ratio), catalyst loading of

5 mg cm?

ZCO catalyst: SWCNTs: PVDF=15:5:4 | Carbon paper | Coating [393]

(mass ratio), catalyst loading of 0.6-0.8 (also served

mg cm™ as GDL)

3.7.

Zinc-air battery assembly

Two processes of formulation of the air electrode are presented. PTFE (dispersion 60%
in deionized water, Sigma-Aldrich) and PVDF-HFP (Sigma-Aldrich, average Mw ~455000)

are used as binder, respectively. Different quantities of binders are used in the hydrophilic
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(catalytic layer) and hydrophobic layers (GDL), carbon black VXC-72 is another material in
the components of the layers.

The battery setup is shown as Figure 3-47 which is a three-electrodes configuration. The
winding Pt wire is the counter electrode, reference electrode is the Ag/AgCl (3 M KClI)
electrode, electrolyte is the 7 M KOH-0.7 M ZnO-0.7 M LiOH solution (40 mL). The working
electrode is the air electrode which is inserted in the bottom part of the setup and it is put
between two nickel rings which is served as current collector. There is a small chamber under
the air electrode where oxygen is introduced and flowed out. The air electrode is cut into a circle
with a diameter of 3 cm. The potential is scanned in the range of -1-0.5 V or -0.5 - 0.5 V vs

Ag/AgCl (3 M KCl) with a scan rate of 10 mV s™!.

Pt wire as counter
electrode

Electrolyte
container

reference electrode
Ag/AgCl (3 M Kcl)

Conductor

0,inlet | , 0, outlet

Figure 3-47 : Setup for air electrode installation

3.7.1. Air electrode formulation with PTFE as the binder

The PTFE used is a suspension dispersed in deionized water. For the hydrophobic layer,
2.5 g suspension, 2.5 g carbon black VXC-72 and some deionized water are mixed well using
a magnetic mixer. For the hydrophilic layer, 1.0 g active carbon (Norit GSX, Alfa Aesar), 1.35
g MnO; which is the active material for the oxygen reactions, 1.75 g carbon black VXC-72, 0.9
g PTFE and some deionized water are mixed. Then the mixture undergoes centrifugation to
separate and remove the water under the conditions of a rotation speed of 5000 rpm and a time

duration of 10 mins. After removing the centrifuged water, the solid part is dried in oven at 140
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°C. Then the dry solid obtained are rolled using stainless steel roller with some droplets of
acetone to get two homogeneous layers as shown the insertion of Table 3-11 where
compositions of the layers are also listed. The hydrophilicity is roughly tested by a drop of
water and the permeability is tested by a drop of ethanol. Both layers have good permeability
which is proved by rapid adsorption of ethanol on both layers. The contact angle of water on
catalytic layer is less than 90° and on GDL is larger than 90°, which means the hydrophilicity

is as expected.

Table 3-11 : Compositions in the two layers of air electrode using PTFE as binder

Layer Components Percentage /% Mass/g Total mass of paste

PTFE 50 2.5

Hydrophobic layer 5
Carbon black 50 2.5
Active carbon 20 1.0
Mno, 27 1.35

Hydrophilic layer 5
Carbon black 35 1.75
PTFE 18 0.9

The two layers are separately put between two flat heavy metals, then they all are put in
oven at 185 °C for 3 hours, after which, the layers are pressed under 10 tons of pressure using
a presser to get thinner and stronger layers. The two layers are inserted in two pieces of nickel
grid and the layers and the nickel grids are cut into the same round shape shown in Figure 3-48.
The layers are then put between two flat heavy metals in the oven at 160 °C overnight before
ready to conduct the cyclic voltammetry experiment, the final thickness of the air electrode is

0.5 mm.
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Nickel grid

Hydrophilic layer

Nickel grid

Figure 3-48 : Schematic of the layers (left) and the photo of the obtained air electrode (right)

3.7.2. Air electrode formulation with PYDF-HFP as the

binder

The PVDF-HFP pellets are firstly dissolved in acetone to get a solution with a mass to
volume ratio of 15% (m/V). Plasticizer DBP is accompanied to generate pores in the layers
formulated with binder PVDF-HFP. Different with PTFE suspension, PVDF-HFP acetone
solution could be mixed with the carbon material and catalyst with the composition as listed in
Table 3-12, to obtain a homogeneous ink. Then a doctor blade capable to adjust the thickness
is used to make a uniform layer with thickness of 250 pm which is the maximum limit, though
still much thinner than that formulated using PFTE as binder especially when the layer is dry

in air and the thickness is around 140 pm.

Table 3-12 : Compositions in the two layers of air electrode using PVDF-HFP as binder

Layer Components Percentage/% Mass/g
R PVDF-HFP 5413 0.708
Hydrophobic layer DBP 38.23 0.5
VXC-72 7.64 0.1
MnO, 56.05 0.88
Hydrophilic layer Lo s o
PVDF-HFP 15.03 0.236
DBP 22.93 0.36

To enhance the mechanical strength of the electrode, ten pieces of the dry hydrophilic
and hydrophobic layers are piled and put on two sides of the nickel foam, respectively,
presented as Figure 3-49. Then followed is the heat-press treatment of the whole using an
electronic iron for 5 s. The nickel foam is pretreated by firstly immersion in a dilute PVDF-

HFP acetone solution (2 g PVDF-HFP dissolved in 100 mL acetone) and then heating in oven
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at 400 °C for 5 minutes for better binding between both layers and the nickel foam. The
combined layers and the nickel foam are cut together into a round shape similar to the above.
Then electrode is immersed in ether for 2 minutes to extract the DBP in the layers. Detachment
would happen after this operation; press would then be imposed to get the layer attached again.

The final obtained air electrode has a thickness of 0.3 mm.

Hydrophobic layer

Nickel foam

Hydrophilic layer

Figure 3-49 : Schematic of the layers (left) and the photo of the obtained air electrode (right)

3.7.3. Zinc-air battery setup

The static zinc-O; battery is also realized in the same setup as shown in Figure 3-50.
Zinc electrode is a straight copper wire; air electrode is the one formulated with PVDF-HFP
and the synthesized catalyst Lao7Sr03MnQOs3; the electrolyte is 7 M KOH-0.7 M ZnO-0.7 M
LiOH. Oxygen is introduced and flows out from the bottom part of the setup. The galvanostatic
charge-discharge cycles with two-electrodes are conducted on the mode of galvanostatic
cycling with potential limiting (GCPL) and coulombic efficiency determination (CED). The
results are presented in Figure 3-51. Firstly, the battery is charged for zinc deposition on the
copper wire at 5 mA for 30 mins, then several cycles of discharge-charge are set at different
currents of 2, 5, 10, 20, 50 mA with a potential limitation between 0.5 - 2 V. When the applied
current is at 2 and 5 mA, the battery undergoes well after 4 cycles of discharge-charge at each
current. The overpotential is higher at higher current of 5 mA than at 2 mA. When the current
increases to 10 mA, the discharge process breaks down a little, while the charge process works
normally except with higher overpotential. Then at 20 mA, the battery is totally in failure that
both discharge and charge processes reach the potential limits at the very beginning of the

imposition of current of 20 mA.
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Figure 3-50 : Photo of the zinc-O, battery
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Figure 3-51 : Galvanostatic discharge-charge cycles at different currents
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3.8. Conclusion

In this chapter, the catalysts and the catalytic mechanism proposed for ORR and OER
are firstly introduced, then perovskite oxides as catalysts are emphasized. There are large
amounts of reported perovskites performing superior activity towards ORR or OER,
characterized by linear sweeping voltammetry (LSV) while not many conducting cyclic
voltammetry (CV) included. In this work, a well-known perovskite La;xSrxMnO3 (LSMO) is
synthesized with different routes, calcination temperatures and atmosphere. They are
characterized by XRD, SEM, BET to get the phase profile, morphology, and specific surface
area.

Generally, much pure phases are obtained from citrate solution route above 500 °C.
Calcination temperature has a big influence on the specific surface area, which is basically
decrease with temperature in the range studied (700 - 1100 °C). The morphology of the LSMOs
synthesized from citrate solution route are similar, and different from that from that obtained
from coprecipitation route.

Cyclic voltammetry is emphasized to characterize the electrochemical performance of
LSMGOs, especially the ORR catalysis. An ink formulation was optimized for this study and
could allow the comparison between LSMOs calcined at different temperatures and with
different strontium doping ratios.

LSMOs alone shows good ORR catalytic activity. But the conduction introduced by
carbon additives largely increases the redox effect of LSMOs. Among different strontium
doping ratios, the one with an atomic ratio of 0.3 to lanthanum (i.e., Lao.7Sr0.3MnO3 shows the
best catalytic activity.

Two trials of fabrication air electrodes with two kinds of binders are presented, for the
convenience of thickness control, the fabrication with PVDF-HFP is preferable. As for the
battery assembly, it also has potential for application as binder in metal-air batteries. While the
overall performance should be further developed, especially from the engineering standard

point of view.
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Chapter 4  Overall conclusion and

perspective

4.1. Overall conclusion

This essay deals with the conventional issues involved in zinc-air battery, spread into
two mains parts: zinc electrode and air electrode.

Detailed literature surveys about the zinc electrode are as follows: the mechanism of
zinc dissolution from perspective of the intermediate dissoluble species, and the passivated film
formation; the mechanism of zinc dendrite initiation and growth from both experimental and
modelling work; the problems existed in zinc electrode performance; the common trials for
suppressing the problems; several experimental zinc-air flow battery demonstrations. Through
the earlier studies about the fundamental issues of zinc electrode, namely the related
mechanisms, it is found that the theoretical accordance is often hard to achieve by all. And the
later studies are more located to the application improvement based on a variety of different
electrode forms including zinc plates, zinc powder pastes, etc. Either for the theory or the
application aimed research, different materials or setups are important in the view of
experimental design for better observation, variables controlling, or of adjusting to flexibility
for application.

In the study for zinc electrode, zinc dendrite growth and hydrogen evolution are the
main related problems. The effects of compositions in electrolyte including LiOH and a large
range of different concentrations of ZnO are studied. The hydrodynamic condition of electrolyte
is also emphasized, accompanied by the current imposed on zinc electrode. Under those
systematic considerations, zinc deposition-dissolution process is researched in detail with two
homemade setups targeting the static and flowing cases, respectively. Zinc plates with different
sizes are used in these two setups.

- One in a static condition, so that only the diffusion is ensured, the slight convective

effect could be only from hydrogen evolution.
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- One in the flow case with a setup size which is even suitable for industrial

application.

The evolution of zinc deposition-dissolution is observed in-situ using a microscope. The
galvanostatic cycles are mainly conducted to process the zinc deposition-dissolution via a
potentiostat.

The results show that the component LiOH in electrolyte 7 M KOH-0.7 M ZnO-0.7 M
LiOH has no evident effect either on the zinc deposition process observed under a microscope,
or the corresponding response from chronopotentiometry experiment. Higher current density
imposed on the electrode and electrolyte with lower zincate concentration will cause more
dendrite in a shorter time. The morphology of zinc dendrite is also sharper in electrolytes with
low zincate concentration. While hydrogen evolution occurs more easily at lower current
density and in electrolyte with lower zincate concentration. The occurrence of hydrogen
evolution is more dependent on the potential. The evolved hydrogen either adsorbed on the
electrode or desorbed from electrode plays a role in morphology change of electrode surface,
from the perspective of surface area decrease and local convection introduction, respectively.
Flowing electrolyte can effectively depress the zinc dendrite growth, but hydrogen evolution
also aggravates with flowing electrolyte. The rate of deposition and dissolution of zinc which
is indicated by the area increase and decrease shown in the pictures taken by the assembled
camara, is found to be linear with time.

For the air electrode, the mechanisms for oxygen electrocatalysis are introduced in detail.
The proposed ‘descriptors’ are also expanded. For this surface sensitive reaction, electronic
effect, structure effect, and morphology effect can have a great impact on the catalytic activity.
Through controlling the growth of single-crystal catalyst to expose different facets or sizes,
alloying with other metals to adjusting the electronic effect as well reducing the cost, new
materials designing and improving etc., a variety of oxygen catalysts have been reported.
Among them, perovskite oxides especially lanthanum manganese oxides and the strontium
doped ones are widely studied owing to their good activity based on the e, filling near to 1.

For activity characterization of the catalysts, the onset potential for ORR in linear sweep
voltammetry curve, or the potential at a given current is commonly even uniquely used as the
comparative metric. Whereas few paid attentions on the cyclic voltammogram. As in our case,
the cyclic voltammograms result in difference not only between the onset potential for ORR,
but also between the shape of the curves which may indicate some other reactions occurring on
the surface of electrode or indicate the pseudocapacitive effects with different catalysts. And

these differences may further decide the onset potential to some extent. This work deals mostly

168



with the cyclic voltammetry results, and a normalization method is proposed for the comparison
of different catalysts.

Firstly, a systematic catalyst synthesis work has been done. LSMOs are synthesized
from three routes, citrate solution process calcined in air or oxygen, and coprecipitation process
calcined in oxygen. The related physical properties are characterized with XRD, BET and SEM.
Powders obtained from citrate solution process either calcined in air or oxygen are easier to
have crystallized phases than those from coprecipitation process. The morphology between
solution route and precipitation route is different, the former presents more holes on surface,
while the latter is denser block-like. Calcination temperature makes a big difference on the BET
surface area.

Then detailed investigations of catalytic activity of LSMOs are conducted including the
ink preparation, ink composition optimization and comparison between different LSMOs. We
stressed the importance of the formulation and mixing method to obtain reproducible results.
We observed that the catalyst properties are amplified by the addition of carbons which yields
a better electronic conductivity. The contribution of capacitive effect and redox effect to the
measured current is quantified. The normalization is based on the current at a potential where
near pure-capacitive effect is detected. Among LSMOs, strontium doping ratio of 0.3 exhibits
the best performance.

Further step to application in a battery, two air electrode formulations with LSMO0.3
as the catalytic material, VXC-72 as carbon material and PTFE or PVDF-HFP as binder
material are fabricated. Accompanied with a copper wire as the collector at the zinc electrode,
a whole zinc-air battery is installed starting in a discharged state with zinc oxide dissolved in
an alkaline KOH electrolyte.

We formulated hydrophobic and hydrophilic electrodes with PVDF. Under
galvanostatic cycling, the battery works well under low current, while becomes inactive under

high current. The air electrode is yet to be improved.

4.2. Perspectives

This work combines engineering and fundamental research, many interesting
phenomena have been recovered which will become the future work. Even though at beginning
a zinc-air flow battery was the target and we also have tried to install the flow setup, time could

be less spared on this before we tried our best to understand the cyclic voltammograms.
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Also, the short time allowed for this PhD and the difficulties associated to the periodof
COVID made experiments very difficult. We compensated with a large literature survey.

It is highly recommended using cyclic voltammetry to compare catalysts for ORR
catalysis rather than only linear sweep voltammetry. Reproducibility of the experiments should
be emphasized, and CV is a better way than LSV to show the reproducibility. A more
convincing and universal method for ORR catalytic activity characterization is still suspend.
Not only the effective surface area that commonly mentioned in articles is important, the effect
from the accompanied redox reactions is also necessary to be taken into consideration,
regarding characterizing the activity of perovskite oxides for ORR catalysis.

The air electrode formulation suitable for zinc-air battery assembly should consider both
performance and cost. Using PVDF-HFP as binder could be very interesting, which is
undergoing in the lab. For zinc-air flow battery realization, there remains more engineering

problems, especially for preventing leakage at the air electrode assembly.
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RESUME

La batterie zinc-air devient une alternative potentielle a la batterie lithium-ion en raison de son
avantage en termes de ressources, de sa densité d'énergie théorique élevée et de son faible
potentiel de risque pour la sécurité. Ce travail met I'accent sur les problémes conventionnels
impliquant a la fois I'électrode a zinc et a air, visant a I'application.

Pour I'électrode de zinc, deux configurations maison sont utilisées pour étudier la croissance des
dendrites de zinc et I'évolution de I'nydrogéne pendant le dépét avec un électrolyte statique et en
flux, respectivement. On trouve qu'une concentration élevée de zincate dans un électrolyte avec7
M KOH (> 0,4 M ZnO) et la présence de circulation de I'électrolyte sont préférables pour réduire la
croissance des dendrites. Cependant I'électrolyte en circulation générerait plus de dégagement
d'hydrogéne. Pour I'électrode a air, une étude de voltampéremétre cyclique détaillée de I'activité
catalytique de pérovskites de lanthane- manganése dopés au strontium (LSMO) vis-a-vis de la
réaction de réduction de I'oxygéne est menée. Une nouvelle méthodologie est proposée pour la
comparaison de I'activité catalytique des LSMO. L'assemblage de la batterie zinc-air est également
testé en formulant les électrodes avec un polymére PVDF-HFP prometteur dans les applications
d’électrode a air.

MOTS CLES

Electrode de zinc, électrode a air, électrocatalyse, réaction de réduction de l'oxygéne (ORR),
oxyde de lanthane strontium manganese (LSMO), voltamétre cyclique

ABSTRACT

Zinc-air battery is becoming a potential alternative for lithium-ion battery owing to its resource stock
advantage, high theoretical energy density, and low potential of safety risk. This work emphasizes
the conventional issues involving both zinc and air electrode, aiming to application.

For the zinc electrode, two homemade setups are used to study the zinc dendrite growth and
hydrogen evolution during deposition with static and flowing electrolyte, respectively. It is found that
high zincate concentration in electrolyte with 7 M KOH (>0.4 M ZnO) and flowing electrolyte are
preferable for depressing dendrite growth. While flowing electrolyte would generate more hydrogen
evolution. For the air electrode, a detailed cyclic voltametric investigation of the catalytic activity of
lanthanum strontium manganese oxides (LSMO) towards oxygen reduction reaction is conducted.
A new current normalization method is proposed for comparison of catalytic activity of the LSMOs.
Zinc-air battery assembly is also tested, while remaining to be improved. Nevertheless, cost-
effective PVDF-HFP is found to be a promising binder for air electrode formulation.

KEYWORDS

Zinc electrode, air electrode, oxygen reduction reaction (ORR), lanthanum strontium manganese
oxide (LSMO), cyclic voltammetry
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