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Résumé de Thése

Résumé de These

L’objectif de cette thése concerne la synthése d’oxydes multicationiques contenant du
tungsténe avec pour but leur utilisation dans des systémes de stockage d’énergie de forte
puissance, de type supercondensateur, fonctionnant avec un électrolyte aqueux. Plus
précisément, ce travail concerne principalement ’oxyde Fe2WOsg ainsi que des bronzes de
tungstene stabilisés avec des ions lithium, sodium ou potassium de formule générale AxWO3
(A=Li, Na, K, x~0.3). Le schéma genéral consiste en la synthése de matériaux finement divisés
qui sont ensuite caractérisés d’un point de vue structural et microstructural. Les poudres
synthétisées sont ensuite utilisées comme matériaux d’¢électrodes dont le comportement et les
propriétés électrochimiques sont étudiés. Le stockage des charges a également été étudié a
I’aide d’analyses in-situ et operando afin de comprendre le mécanisme a 1’origine de ces

performances.

Les supercondensateurs sont des systemes de stockage électrochimique de 1’énergie
destinés a des applications de puissance. Les systémes commerciaux utilisent des matériaux
d’¢lectrodes a base de carbone qui développent de grandes surfaces spécifiques et stockent les
charges principalement par des réactions électrostatiques a leur surface. lls peuvent alors
stocker peu d’énergie, mais peuvent la restituer trés rapidement. Pour augmenter leur densité
d’¢énergie (c’est-a-dire leur autonomie), il peut étre intéressant de remplacer les matériaux
carbonés par des oxydes de métaux de transition qui peuvent avoir un comportement pseudo-
capacitif. Celui-ci a été démontré pour des matériaux tels que RuOz, MnO; et Fe3Oas. Le
mécanisme de stockage des charges dans ces composés repose sur des réactions
d'oxydoréduction rapides et réversibles qui se produisent a la surface du matériau d’électrode,
a I’interface avec 1’électrolyte. Ce comportement pseudo-capacitif dépend principalement de la

présence de cations électrochimiquement actifs dans les matériaux d'électrode.

Les oxydes multi-cationiques, comme ceux étudiés dans cette thése, possédent un effet
pseudo-capacitif et ont été présentes comme des alternatives aux oxydes métalliques simples.
Divers matériaux ont été synthétisés en faisant intervenir des cations électroactifs tels que Mn,
Fe, Co et Ni couplés a des cations dits spectateurs, situés a I'intérieur de la structure cristalline
dont le seul r6le est de maintenir la stabilité des réseaux sans aucune activité électrochimique.

Les exemples de cations spectateurs peuvent étre Sr, Ba, Zn, La ou W. L'association des cations
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appropriés (spectateurs et électroactifs, par exemple dans les composés MnFe204, ZnMn,O; et
FeWOa) dans des structures cristallographiques distinctes (par exemple spinelle, perovskite,
wolframite, columbite) peut donner lieu a des comportements pseudocapacitifs intéressants et
a des performances volumétriques plus élevées que celles des carbones activeés utilisés dans les

dispositifs commerciaux en raison de la densité élevée de ces oxydes.

De plus, différents parametres tels que la surface spécifique, la morphologie et
I'accessibilité des sites actifs sont également importants pour 1’obtention de propriétés
électrochimiques intéressantes car le stockage des charges s’effectue grace a une réaction de

surface qui se produit a l'interface électrode/électrolyte.

Parmi les matériaux potentiellement intéressants, le systeme Fe-W-O a été étudie dans
notre équipe dans la phase wolframite FeWQO4, montrant des performances prometteuses en tant
gue matériau d'électrode pour les supercondensateurs fonctionnant dans un électrolyte aqueux
neutre. Dans ce composé, il a été récemment démontré que le couple redox Fe®*/Fe?* était

responsable de ce comportement pseudo-capacitif.

Par conséquent, d'un point de vue fondamental et appliqué, nous avons décidé de
poursuivre 1’étude du systéme Fe-W-O avec le composé Fe:WOs. Différentes études ont
rapporté les propriétés de ce composé en tant qu'électrode négative pour les batteries lithium-
ion, comme photocatalyseur et comme matériau de photoélectrodes, motivant ainsi son étude
en tant qu'électrode pseudocapacitive pour supercondensateur fonctionnant en milieu aqueux.
De plus, contrairement & FeWO., cet oxyde ternaire ne contient que du Fe®* dans sa structure

cristalline, ce qui devrait avoir un impact sur ses performances électrochimiques finales.

Cependant, dans la littérature, FeoWOe n'a été synthétisé que par voie céramique, dans
des conditions de synthese a haute température (>800°C), ce qui a conduit a I’obtention de
particules de grande taille, et donc a une faible surface spécifique, peu favorables aux réactions
de surface nécessaires a un comportement électrochimique de type pseudo-capacitif. Nos
travaux ont donc tout d’abord porté sur la recherche de méthodes de synthése alternatives a plus
basse temperature. Dans cette optique, ’utilisation de polyols a été privilégiée pour la synthese
de FeaWOg a basse tempeérature (~220 °C), qui permettent de limiter la croissance des particules

conduisant ainsi a une plus grande surface spécifique de la poudre associee.

Ce type de synthese est un processus a basse température impliquant un polyol liquide
agissant a la fois comme un solvant pour les précurseurs dissous et comme un agent réducteur

doux. Les principales caractéristiques de cette méthode sont les suivantes : 1) la possibilité
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d'utiliser des alcools multivalents a haut point d'ébullition dans des milieux en phase liquide
ayant une solubilité comparable a celle de I'eau pour les précurseurs métal-sel simples. 2) les
propriétés réductrices et coordinatrices pour la nucléation et la croissance des particules et 3)
une possibilité d’utiliser des polyols de faibles masses moléculaires comme I'éthyléne glycol
(EG) jusqu'a des masses élevées comme les polyéthyléne glycols (PEG). La synthése en milieu
polyol offre donc la possibilité d’adapter différents paramétres, tels que les précurseurs, la
température, le pH de la solution et la durée de la réaction qui controlent la cinétique de la
précipitation, permettant ainsi 1’obtention de particules de forme et de taille bien définies.
Toutes ces caractéristiques en font une méthode de synthése tres attractive et relativement
simple a utiliser, comme cela a déja été montré dans la littérature ou des particules d'oxydes
métalliques simples ainsi que des oxydes multicationiques ont été synthétisés, ce qui motive
notre principal intérét a poursuivre l'utilisation de cette voie de synthese. Ainsi, Fe2WOQOs a été
synthétisé pour la premiére fois par la méthode polyol. Les matériaux obtenus ont été comparés

a ceux obtenus par voie céramique classique (a haute température).

Le diagramme de diffraction des rayons X (XRD) enregistré a température ambiante
pour le matériau Fe2WOs synthétisé par voie polyol a montré qu’on obtenait par cette voie de
synthése un matériau amorphe, contrairement a certains autres tungstates synthétisés par la
méme méthode et déja publiés dans la littérature. Ceci a soulevé quelques questions concernant
les conditions de synthése et la pureté du matériau. Pour cette raison, nous avons décidé de
réaliser une étude en diffraction des rayons X en température in situ en suivant I’état de
cristallisation du matériau en fonction de la température entre la température ambiante et 900
°C. Une phase amorphe est encore observable lorsque la température atteint 400 °C et ce n'est
qu’a partir de 600 °C que certaines raies de diffraction trés larges, caractéristiques de la phase
cristalline, commencent a apparaitre, pour former un matériau bien cristallisé aux alentours de
800 °C. Les parameétres de maille déterminés pour ce matériau ont été affinés dans un premier
temps dans le groupe d’espace Pbcn avec a = 4.5995(15) A, b = 5.6043(19) A, ¢ = 4.9718(19)
A (25) avec une occupation aléatoire des sites cationiques par Fe et W dans un rapport 2:1, en

bon accord avec la formulation Fea,WOs.

Contrairement au matériau synthétisé a haute température, les observations au
microscope électronique a balayage (MEB) montrent que les particules obtenues par la synthése
polyol a basse température semblent &tre complétement différentes. Elles sont plus agglomerées
entre elles, avec un nombre plus élevé de défauts a la surface et une distribution

granulométrique plus importante.
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Des électrodes composites ont ensuite été réalisées avec les matériaux synthétises, en
les mélangeant avec du noir de carbone (pour assurer la bonne conductivité électronique) et un
liant polymeére (pour maintenir la cohésion mécanique). Les tests électrochimiques en
voltammeétrie cyclique ont été effectués dans une solution aqueuse de LiNOz 5M. Pour tous les
échantillons, aucun pic redox ne peut étre observé, ce qui exclut une réponse faradique pour les
matériaux d'électrode. Au lieu de cela, les voltammogrammes ont une forme rectangulaire
Iégerement déformée pour tous les matériaux, mais avec toutefois des différences significatives.
Nous pouvons remarquer que les échantillons a basse température FWO-RT et FWO-400
(respectivement sans recuit, et aprés recuit a 400°C) présentent un voltammogramme en forme
de "ballon de rugby", correspondant a une électrode composite tres résistive, avec une capacité
spécifique de 17 F.g? et 15 F.g, respectivement. L'échantillon FWO-800 (recuit & 800°C)
présente une forme plus rectangulaire typique des oxydes pseudo-capacitifs mais avec une
valeur de capacité trés faible (3 F.g). En revanche, I'échantillon recuit & 600°C présente une
forme de voltammétrie cyclique (CV) quasi-rectangulaire avec une capacité spécifique de 23
F.gl & une vitesse de cyclage de 20 mV.s™. Un tel comportement est trés similaire a celui
observeé pour le matériau FeWQ4 cyclé dans des conditions similaires, pour lequel cette capacité
avait été associée au couple redox Fe**/Fe**. De plus, ce matériau présente un trés bon
compromis entre sa capacité (38 F.g™!, soit 240 F.cm™) et sa tenue en cyclage, avec une
rétention de 85% de la capacité initiale aprés 10 000 cycles de charge/décharge. Aussi, nous
avons souhaité étudier les changements structuraux et microstructuraux se produisant apres le
cyclage long (plusieurs milliers de cycles) afin d’expliquer cette perte de capacité. Les
observations en microscopie électronique en transmission n’ont pas permis de montrer une
dégradation du matériau d’électrode, ni aucune dissolution du matériau dans la cellule
électrochimique. La spectroscopie Mdssbauer utilisant une source de °’Fe n’a pas non plus
permis de mettre en évidence des changements notables aprés 10 000 cycles. Les mesures de
susceptibilité magnetique tendent également a indiquer qu'il n'y a pas d'amorphisation ni de
modification de I'environnement des cations de fer lors du cyclage, montrant donc la tres bonne
résistance du matériau aux conditions de cyclage. Cependant, une Iégére corrosion du collecteur
de courant a l'interface avec I'électrode a été observée, ce qui pourrait étre di a la présence
d'oxygeéne dissous dans I'électrolyte aqueux, expliquant ainsi la 1égeére baisse de capacité apres
10 000 cycles.

La structure cristalline des matériaux FesWOs obtenus par ces différents modes de

synthese a également été étudiée de maniére approfondie. Pour la premiére fois, la structure de
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la poudre de Fe2WOs, préparée par deux méthodes de synthese différentes et recuite a 900 ou
950°C a été résolue, et a montré que les phases obtenues présentaient une structure modulée de
facon incommensurable. Cette étude cristallographique a permis de mettre en évidence la
relation entre les méthodes de synthese utilisées, conduisant a une forte influence sur le vecteur
de modulation incommensurable g et, par extension, sur la taille des domaines ordonnés. Elle a
également permis de mieux comprendre la structure cristalline des composés polycristallins de
type A2BOe, ce qui peut étre bénéfique pour les recherches futures visant a déterminer la

relation structure-propriété de composés analogues.

Le matériau Feo,WOs représente donc une nouvelle approche d'oxyde multicationique
présentant des performances pseudo-capacitives trés prometteuses en termes de densité, de
capacité volumétrique et de tenue en cyclage. De plus, ce matériau peut étre intéressant pour
I'assemblage d'un condensateur électrochimique asymétrique complet, avec un électrolyte
aqueux neutre, associant Fe,WOg comme matériau d’électrode négative et, par exemple, MnO>

comme électrode positive.

Tous ces résultats ont apporté une nouvelle contribution sur le mécanisme régissant la
stabilité des oxydes multicationiques lors des cycles électrochimiques. L'ajustement de
différents parameétres tels que la cristallinité, la microstructure ou la surface spécifique du
matériau d'électrode pourrait permettre d'optimiser les propriétés électrochimiques des

matériaux de type oxydes utilisés dans les supercondensateurs fonctionnant en milieu aqueux.

Suite a ces travaux, une étude sur les bronzes de tungstene hexagonaux (HTBs,
hexagonal tungsten bronzes) avec la formule générale AxWO3 (0 < x <0.33, et A=Li, Na ou K)
a été menée. Elle a concerné particuliérement la compréhension du réle du cation A a l'intérieur
du réseau, impactant a la fois la structure cristalline et les propriétés électrochimiques finales.
Le nom de bronze provient de la synthese rapportée pour la premiére fois en 1824 lorsque
Wohler fit passer un flux d'hydrogene sec sur du tungstate de sodium tout en le chauffant. Il a
observé la croissance de cristaux jaunes présentant un aspect métallique. C'est ainsi qu'il a

baptisé ces matériaux "bronzes™ en raison de leur brillance caracteristique.

L'étude des bronzes de tungsténe s'est poursuivie avec Magnéli dans les années 1950,
qui s’est attaché a relier la composition de ces phases a leur structure cristalline. A cette époque,
des articles de Héagg avaient été publiés sur différents bronzes de tungsténe alcalins avec
différentes symétries, ou les compositions irréguliéres pour NaxWO3z dépendaient de la quantité
de sodium dans la structure. Ces études ont conduit a la célebre publication de Magnéli dans le

journal Nature en 1952, ou il a décrit pour la premiére fois des structures en anneaux a Six
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membres avec l'association d'octaédres WQOs pour les bronzes de tungsténe. La formulation
générale était MxWO3, avec M=K, Rb ou Cs, et une teneur approximative de x = ~0,3. Dans
notre étude, trois bronzes de tungsténe ont été synthétisés avec M=Li, Na, K, par voie
hydrothermale. Les conditions expérimentales ont été ajustées pour obtenir des produits de
grande pureté. Comme nous l'avons déja mentionné, la structure des bronzes de tungsténe
hexagonaux est formée d'un cadre rigide de tungsténe-oxygeéne constitué de couches contenant
des octaédres WOs qui partagent des sommets, disposés en anneaux a six chainons. Les couches
sont empilées dans la direction [00I], ce qui donne lieu a des tunnels unidimensionnels. La
synthése de ces bronzes de tungsténe hexagonaux en présence de métaux alcalins conduit a la
formation de composés qui présentent des différences structurales. Celles-ci sont par exemple
un agencement différent des atomes occupant les tunnels, la présence ou I'absence de molécules

d'eau et la formation d'octaedres de tungsténe réguliers ou déformés.

Les différentes analyses ont conduit aux formules chimiques suivantes pour les trois
types de composés  synthétisés:  Lio167WOs333  (ou  Lio.167WO3.083(H20)0.25),
Nao.27eWO3.139(H20)0.083 et Ko.33WO3. Contrairement aux composés a base de Li et Na, le
parametre c est doublé pour la phase au potassium, et les atomes de K sont situés dans la cavité
hexagonale et désordonnés le long de I'axe c. Les octaedres WOeg sont Iégérement plus déformés
que ceux des HTB de Li et Na, avec des distances W-O allant de 1,84(7) & 2,03(7) A. La

morphologie des différents matériaux se présente sous la forme de nanocylindres.

Les matériaux ont ensuite été testés électrochimiquement. Toutes les expériences ont
été réalisées en voltammeétrie cyclique (CV) dans la fenétre de potentiel [-0.6 V; 0 V] vs.
Ag/AgCl. Un électrolyte aqueux de LINO3 5M a tout d’abord été utilisé avec le composé au
lithium comme matériau actif d’électrode. La forme du CV correspond clairement a un
comportement de type faradique. Lorsque le balayage se déplace vers un potentiel plus négatif,
un pic faradique lors de la réduction est observé a -0.432 V vs Ag/AgCl. Puis, lors de
1I’oxydation, un pic a -0.322 V vs Ag/AgCl apparait. De plus, une forme quasi-rectangulaire est
observée lorsque le balayage se deéplace vers les potentiels positifs. Les réactions

électrochimiques peuvent étre résumées par la réaction suivante:

De plus, la sphére de solvatation du Li* peut étre une autre caractéristique importante a
prendre en compte. Il s'agit de savoir si les cations Li* sont complétement désolvatés ou s'ils

sont accompagnés de molécules d'eau au moment de l'intercalation. Les bronzes au sodium



Résumé de Thése

montrent le méme comportement avec des capacités assez similaires, laissant penser a un
comportement pseudocapacitif (stockages des charges en surface) couplé a de I’intercalation
dans la structure des matériaux. On peut noter que ce n’est pas le cas pour le bronze de tungsténe
au potassium qui montre uniquement un caractére capacitif qui peut donc étre attribué au

stockage de charges dans la double couche électrochimique.

Les rayons ioniques effectifs pour les différents cations alcalins (Li*, Na* et K*) sont
respectivement de 0,76 A, 1,02 A et 1,38 A. Le lithium étant le plus petit, il peut avoir un accés
plus facile dans les phases HTBs, comme le montrent les réponses faradiques observées. Aprés
le lithium, on trouve les phases au sodium, avec un comportement électrochimique similaire
mais avec une réponse plus faible. Et enfin les phases au potassium, qui ne montrent aucune

activité d'intercalation dans les matériaux.

Une étude plus poussée sur I’influence de la concentration en électrolyte a également
été menee. Le LiTFSI (Lithium bis (trifluorométhanesulfonyl) imide) avec une tres forte
concentration de 21 m (moles de soluté par kilogramme de solvant) a été utilisé en plus des
différentes concentrations d’électrolytes aqueux : du LINOs 1 M (LNO 1M), du LINO3 5 M
(LNO 5M) et du LiNO3z 10 M (LNO 10M). On peut alors observer une grande différence entre
le LNO 1M et le LNO 5M, avec une différence d’environ ~75 moles de H20O par mole de Li*
entre les deux. Avec une concentration supérieure a 5M, la différence est moins importante,
respectivement ~11 et ~ 7 moles de H2O par mole de Li* pour LNO 10M et LiTFSI 21 m. Pour
les matériaux testés dans ces différents électrolytes, le potentiel de demi-onde a été tracé en
fonction du ratio de moles de H>O par moles de Li*. Cette étude confirme que I'eau entourant
les cations Li* (c’est-a-dire la sphére de solvatation) joue un r6le important lorsque le Li* est
intercalé dans les phases HTBs contenant du lithium et du sodium. Lorsque moins de molécules
d'eau sont disponibles pour le Li*, il y a moins d'eau pour former les sphéres d'hydratation
respectives (~6 et ~14, pour la premiére et la seconde sphére). Ainsi, une diminution de I'énergie
de solvatation rendra plus facile la désolvatation du Li* a intercaler dans les bronzes de
tungsténe hexagonaux. Ceci n’avait jamais été montré auparavant pour ce type de matériau en

électrolyte aqueux.

Comme établi précédemment, Li* est un élément important du mécanisme de stockage
de charge pour les bronzes de tungsténe hexagonaux, lorsque ceux-ci sont utilises comme
matériaux d'électrode pour le stockage d'énergie fonctionnant dans des électrolytes aqueux. Il a
été démontré que la concentration et le rapport entre les molécules de Li* et de H2O facilitent

(ou non) le processus d'intercalation. Afin d'évaluer ce réle important du Li* et du contre-ion
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dans les performances électrochimiques, des expériences utilisant du nitrate de sodium et du
nitrate de potassium avec la méme concentration que le LiNO3z (5 M) ont été réalisées. Dans le
cas des HTBs a base de Li et de Na, le mécanisme d'intercalation est facilement mis en évidence.
Quand la concentration en LINOz atteint une valeur de 1,2 M, jusqua atteindre une
concentration de 5 M, la forme du CV commence a changer, pour former un comportement de
type faradique. D'autre part, la forme classique quasi-rectangulaire pour la phase HTB au
potassium est observée, méme avec un électrolyte KNOs de concentration 2,5 M sans ions Li™.
Les résultats montrent également des valeurs de capacité trés proches pour tous les électrolytes
testés, y compris pour la concentration maximale de Li*. Cela ne fait que confirmer le fait
qu'aucune réponse faradique n'a lieu dans la phase HTB K et que les contributions du
mécanisme de stockage de charge sont définitivement des comportements capacitifs et pseudo-

capacitifs.
Les conclusions sur cette étude sont les suivants :

- il existe une relation claire entre la structure des HTBs et leurs performances
électrochimiques. Les phases & base de Li et Na présentent des caractéristiques structurales
similaires ainsi que des signatures électrochimiques trés semblables. En revanche, le K HTB

présente un comportement complétement différent ;

- pour les HTBs de Li et de Na, on observe une insertion de Li* dans la structure, mise
en évidence par la présence des pics redox, alors que pour le HTB de K, le mécanisme de

stockage de charge est un mélange de contributions pseudo-capacitives et capacitives ;

- le réle important du ratio H2O/Li™ a été mis en évidence lorsque les HTBs Li et Na ont
été testés dans différentes concentrations de LiNOs, en comparaison avec I'électrolyte de type

« water in salt ».

Ce travail de thése merite des etudes plus poussées dans la compréhension des
mécanismes de stockage des charges notamment en milieu aqueux. Autant les comportements
électrochimiques ont été clairement établis en milieu organique avec un électrolyte a base de
lithium, consistant en une intercalation lente des ions lithium dans les structures Li et Na HTB,
autant la rapidité de cette intercalation des cations accompagnés de molécules d’eau n’est pas
évidente a décrire. La spectroscopie XAS operando réalisée sur certains matériaux a cependant
permis d’apporter des réponses sur I’implication des cations W®* qui sont réduits lors de la

charge de I’¢lectrode en milieu LiNOs.
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Ces développements feront I’objet d’études plus poussées avec des électrodes déposées
sur des substrats adaptés et permettant 1’utilisation de diverses techniques spectroscopiques

comme le Raman.

Pour conclure, les différents matériaux étudiés dans cette these, comme Fe2WOs et les
bronzes de tungsténe, ont montré qu’ils représentaient une catégorie de matériaux adaptés
comme ¢lectrodes pour les dispositifs de stockage d’énergie de forte puissance. Les
mécanismes de stockage de charge sont originaux et mettent en ceuvre 1’intercalation d’ions
lithium partiellement désolvatés. Ce travail, a l’interface entre la chimie du solide et
I’¢électrochimie, offre de nombreuses perspectives vers des matériaux permettant 1’intercalation

rapide d’ions alcalins pour le stockage de 1’énergie.






General Introduction

General Introduction

The global consumption of energy increases day by day. The modernization of the
society and the fast economic development of different regions causes a high demand for energy
that needs to be satisfied, and energy production has to increase. Currently, fossil fuels (oil,
coal, natural gas) represent more than 80% of global energy production. However, these
resources are limited and non-renewable, and their exploitation generates significant

greenhouse gas emissions responsible for an environmental crisis that only worsens.

In this way, the world’s effort has switched to developing greener and safer energy
sources. The interest in renewable energies has rapidly increased. Technologies like solar and
wind power take advantage, and a complete energetic transition is achieved. However, this is
accompanied by many issues. Most renewable energies (solar, wind, hydraulic, tidal, etc.) are
notably only available intermittently (depending on the sunshine, the wind, etc.). Thus, they
need to be stored to be returned on demand. Consequently, the development of energy storage
systems is essential to address these issues, whether for stationary applications (integration into
“smart grids” electricity distribution networks, etc.) or mobile (electric and hybrid vehicles,
portable electronic devices, etc.). Among these systems, electrochemical energy storage devices

(in which electrical energy is stored in its chemical form) occupy an important place.

Generally, electrochemical energy storage systems are classified and compared
according to three main criteria: their energy density, i.e., the amount of energy they can store
per unit of mass or volume (expressed in Wh.kg™ or Wh.L™), their power density (W.kg? or
W.L1), corresponding to how fast these systems can restore the accumulated energy; and their
lifespan, often assimilated to the number of charge/discharge cycles that they can withstand
without significant loss of performance. In other words, high energy density will allow an
electric car to travel a great distance on a single charge while high power density will let it go

faster.

Two main electrochemical energy storage systems can be compared: batteries and
electrochemical capacitors (ECs), also called supercapacitors (SCs). These devices consist of
two conductive electrodes separated by a liquid electrolyte. However, they work according to
different internal mechanisms, thus leading to various properties. Batteries store charges at the

bulk of the electrodes through redox electrochemical reactions. They can store a large amount
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of energy but have a lifespan limited to a few thousand cycles. Their charge/discharge cycles
are restricted by the movement of ions (diffusion) within the electrode materials. Therefore,

they present higher energy density but lower power density.

Electrochemical capacitors are based on different operating principles. They consist of
electrodes with an extensively developed surface area and store the charges on their surface
through adsorption reactions and fast redox reactions. Thus, they have intermediate
performance between conventional capacitors and batteries and provide high power peaks
withdrawals with moderate energy density. They are often used as complements to batteries.
For example, the battery will provide autonomy in an electric vehicle, thanks to its high energy
density. On the other hand, the high power density and excellent lifespan of the ECs will be
instead used to provide or absorb the repeated peaks of power necessary for starting, climbing

a hill, or recovering energy during braking.

The vast majority of ECs on the market today are the so-called Electric Double Layer
Capacitors (EDLCs) and have two activated carbon electrodes with a very highly developed
surface area, spaced by a porous separator soaked in the electrolyte (generally a salt dissolved
in an organic solvent). The ions in the electrolyte are stored electrostatically at the surface of
the electrodes. The good electronic conductivity, porosity distribution, and excellent thermal
and electrochemical stability of activated carbons make them materials of choice for ECs.
Nevertheless, their low density (~0.7 g.cm™) due to their very high porosity, combined with a
low surface capacity limited to the capacity of electrochemical double-layer (<20 pF.cm?,
compared to their specific surface) weaken them for hoping to achieve high volumetric energy

densities.

Contrary to the standard activated carbons aforementioned, oxides and multicationic
oxides present a pseudocapacitive mechanism due to the fast and reversible surface redox
reactions to store energy and can thus reach capacities much higher than those of carbons in
aqueous electrolytes. Moreover, due to the high density of oxides, they can achieve higher

volumetric performances without being detrimental to their lifespan.

This thesis will study materials based on tungsten oxides (Fe2WOs and the hexagonal
bronzes of WO3) as possible electrode materials for fast energy storage systems. The focus will
be to understand the charge storage mechanism transitioning from a pseudocapacitive behavior

material towards a more battery-like material at high rates.
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The first chapter of this manuscript will present state of the art on electrochemical
energy storage systems, focusing on electrode materials used for capacitive and
pseudocapacitive energy storage. Moreover, fast intercalation materials will be described,

highlighting, and comparing the differences in their charge storage mechanisms.

The second chapter will focus on the work carried out on iron tungstate (Fe2WOs) as
new pseudocapacitive material. This oxide has been studied in the literature only by high-
temperature synthesis routes. In contrast, in this thesis, a low-temperature method is proposed
for the first time to obtain the pure phase of the material. Several techniques will fully
characterize Fe2WOe, and its electrochemical performance will be evaluated. Furthermore, a
crystallographic study of the high-temperature form of the polycrystalline sample will be

presented, addressing the structural determination using the superspace formalism.

In the third chapter, the interest on the hexagonal tungsten bronzes (HTBs) AxWOs3 (with
A= Li, Na and K and 0<x<0.33) will be presented as a metastable phase of WO3 with potential
applications as electrode materials for fast energy storage. The hydrothermal synthesis of these
phases will be discussed, emphasizing the role of the alkali cation in the structure to determine
the final structural and morphological properties. The physicochemical characterization will be
shown to understand the growth of the nanorod-like particles, and the crystal structure of such
phases will be elucidated. Furthermore, an extensive electrochemical characterization in
different aqueous electrolytes will be presented to understand the role of the alkali cations in
the electrolyte and inside the structure. Afterwards, a comparison with water-in-salt and organic

electrolytes will also be discussed.

The fourth chapter will go deeper into understanding the charge storage mechanism of
the hexagonal tungsten bronzes. An electrochemical deconvolution of the different
contributions, capacitive and diffusion-controlled, will be shown. Moreover, powerful and non-
conventional techniques such as in situ Electrochemical Quartz Crystal Microbalance (EQCM),
in situ X-ray diffraction (XRD), and operando synchrotron X-ray Absorption Spectroscopy
(XAS) will be used to unveil and discuss how the cation intercalation in the lattice of the HTBs

takes place.
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I.1. Introduction: Energy storage systems

Electrochemical energy storage (EES) systems like batteries and electrochemical
capacitors (ECs) have been developed and enhanced for the past few years. Depending on the
application, energy storage systems can store a high amount of energy or a high amount of
power. If one of these devices is used to power a vehicle, the amount of energy stored will tell
how far the vehicle can go. On the other hand, the amount of power will tell how fast the vehicle
can go on a single charge, in the case of an electric vehicle. In this regard, the Ragone plots (see
Figure 1-1) provide information on the relationship of power versus energy density of EES2,
The filled areas correspond to the performance obtained using the same charge and discharge
current. In contrast, areas dashed lines refer only to discharge performance (with a recharge at
a low rate). With the high demand on energy storages system capable of charging and
discharging rapidly and delivering a high amount of energy and power, all the research and
development efforts aim to push ECs and batteries performances towards the star highlighted
in Figure I-1, where the boundaries between both EES will be overlapping.
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Figure I-1. Ragone plot. Specific power versus specific energy of common electrical energy-storage
devices. The plot shows the trends towards greater specific power for batteries and specific energy for
electrochemical capacitors (arrows), blurring the boundaries between the two as the trends approach

the star.'?
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EES can be differentiated depending on their charge storage mechanism?, either at the
surface (double-layer) or in the bulk of the material (faradaic). Electric double-layer capacitors
or EDLCs store charge by pure electrostatic interactions of accumulated charge at the
electrode/electrolyte interface (see Figure I-2a). They must present high and accessible specific
surface area electrode materials. In the case of batteries, charge storage occurs through
reversible faradaic reactions throughout the bulk of the electrode materials (see Figure 1-2b).
Thus, the material must be designed to allow the intercalation/de- intercalation of the reacting
species throughout the material. On the other hand, charge storage based on fast and reversible
faradaic redox reactions at the surface or at the vicinity of the electrode active material, receives

the name of pseudocapacitance (see Figure 1-2¢).4°

i i L

' Ve "% " " L} ‘. y"‘, \‘& p" !J“ 9

Double-layer charge Pseudocapacitive charge Battery-type charge
storage storage storage

Figure 1-2. lllustration of the electrode processes occurring at a) electrical double-layer capacitive,
b) pseudocapacitive, and c) faradaic electrodes.’

One way to distinguish the charge storage mechanism is to look at the electrochemical
signature. EDLC charge storage will depict a rectangular cyclic voltammogram (CV) and a
triangular galvanostatic charge/discharge (GCD) profile (see Figure 1-3a and d). In this case,
the amount of charges stored varies linearly as a function of potential. A single value of
capacitance can be easily calculated and reported for capacitive energy storage systems. In the
case of a pseudocapacitive behavior, the signature will be a quasi-rectangular CV where the
redox peaks can be slightly appreciated and a quasi-triangular GCD profile (see Figure 1-3b and
e). On the other hand, well-defined peak-shaped CVs or nonlinear GCD profiles with one or
more obvious potential plateaus are characteristics of faradaic, or battery-type, material (see
Figure 1-3c and f).4®

18



Chapter |

Capacitance (F) " - Charge (Q) = I i*t
C=QV-= I NV Capacitance or Capacity? Capacity (mAh) = Q/3.6
(a) (b) (c)
\ \ \
\ \
% \ _% \ g \
g Slope = dV/dt § ;E': \\ E:: . s
g K > | 8 i
\ \ \
\ \ \
- | - |
Time (s) Time (s) Time (s)

—~

Q.
-
—
=

Current (i)
Current (i)
Current (i)

Potential (V) Potential (V) Potential (V)

Figure 1-3. Archetypal electrical output behavior of three main types of electrodes, including a, d)
electrical double-layer, b, e) pseudocapacitive, and c, f) battery type. a)-c) Schematic of galvanostatic
charge-discharge profiles showing linear and nonlinear responses with time and d)-f) corresponding

CV profiles.**

Thus, different charge storage mechanisms can be categorized as (1) capacitive non-
faradaic charge storage, (2) capacitive faradaic charge storage, and (3) non-capacitive faradaic
charge storage. Moreover, the correct metrics for characterization of capacitive charge storage
processes is capacitance (in Farads, F, i.e., C=Q/V with Q being the capacity in Coulombs, C),
and that of non-capacitive faradaic processes is the specific charge capacity (m.Ah, i.e., Q/3.6).
Therefore, the performance of materials exhibiting a clear peak-shaped CV must be reported in

terms of m.Ah, and not with capacitance units.*®

In this chapter, a literature review of materials presenting a capacitive and mainly a
pseudocapacitive mechanism will be presented. Moreover, in the last section, tungsten oxide
(WO3) applications in different EES will be highlighted.

I.2. Materials with capacitive behavior

1.2.1. Electric double-layer
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EDLCs offer excellent power performance and cycle life and are characterized by
rectangular CVs and triangular GCD profiles. The adsorption and desorption of ions originate
the electric double-layer (EDL) charge storage at the electrode/electrolyte interface with no
diffusion limitation.” There are several theories or models for this interface between a solid and
a liquid. In Figure I-4, the Helmholtz model, the Gouy—Chapman model, and the Stern model
are illustrated, where ¥ is the potential, Wo is the electrode potential, IHP refers to the inner
Helmholtz plane, and OHP refers to the outer Helmholtz plane explained in the Stern model .2

3 Wo o) Yo “ @: 5 ¥o @ : G:
%| I ® o Y9I
= . | . | !
3 v st O | S +'«-\.(b % |
iR s
< 4 < ©) < ©
| S\ O ' 24 |
Ei ""’"f & E{ X0
§T‘| %T G@ | ‘éf ®X Cg%l
8t 8t O | &t ‘Q@ |
T % # o o - H o B/ -
+ i (g% | I’ ® o |
: GID ! I : IHP lowp :
L9, Diffuse layer o |<Slem layer Dimﬂng

%%) Solvated cation @ Anion

Figure 1-4. EDL models, a) Helmholtz model, b) Gouy—Chapman model, and c) Stern model.?

Helmholtz is the simplest. It describes that the electrode attracts the counter-ions under
an applied potential while repelling the co-ions at a d distance (see Figure 1-4a). Thus, two
compact layers of charges form at the electrode-electrolyte interfaces, called the ‘‘electric
double-layer’’. The double-layer capacitance, Cq, at each electrode-electrolyte interface
resembles that of a conventional parallel plate capacitor.5® In contrast to the Helmholtz
assumption, in the Gouy—Chapman model, the charged ions are mobile in the electrolyte
solutions and are under the influence of both diffusion and electrostatic forces. Gouy suggests
that the same amount of opposite ionic charge appears in a liquid surrounding a charged solid.
However, the ions are not rigidly attached to the surface, and the concentration of the ions in
the solution near the surface follows a Boltzmann distribution (see Figure 1-4b). Although this
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makes a better approach to reality, the Gouy— Chapman model fails for highly charged double-
layers. The most sophisticated post-Helmholtz EDL model is the Gouy— Chapman-Stern
model, which combines the Helmholtz and the Gouy—Chapman ideas.®®

Based on the Gouy— Chapman-Stern model, the EDL has, in fact, a multi-layer
structure, including the inner Helmholtz plane (IHP), outer Helmholtz plane (OHP), and a
diffuse layer that is next to the bulk electrolyte solution. In the Stern layer, which comprises the
IHP and OHP, counter-ions are unsolvated or partially solvated due to the strong interactions

with the ions and the electrode surfaces and pores (see Figure 1-4c).58

1.2.2. Carbon-based materials

EDLCs use activated porous carbon with pervasive specific surface area (SSA), as
electrode materials. These are obtained from carbon-rich organic precursors through heat
treatment (carbonization) and an activation process. The precursors can be coconut shells,

wood, fossil fuels and their derivatives like pitch, coal and coke.®°

EDLC
(Electrical Double Layer Capacitor)

A
Porous carbon

@ Cation @ Anion

Figure 1-5. Scheme of an electrical double-layer capacitor (EDLC) with an amplification of porous
activated carbon electrode interface.™

The large number of ions from the electrolyte capable of being accumulated at the
surface of this carbonaceous materials give rise to specific capacitance up to 100 F g* (Farads
per gram) in organic electrolytes with a cell operating voltage of 2.7 V, (see Figure I-5). In
aqueous electrolytes capacitance can go up to 200 F g but with a cell voltage limitation of 0.9

V121 (see Figure 1-6). Moreover, many studies refer to the use of different carbon forms for
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EDLCs, like carbon blacks, carbon aerogels, carbon fibers, glassy carbon, and carbon

nanostructures.?
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Figure 1-6. Cyclic voltammogram of an EDLC cell at 5 mV.s™ in a) aqueous 6 M KOH and b)
organiclM tetraethylammonium tetrafluoroborate electrolytes.®

1.2.3. Key parameters of ECs

The following parameters and the way they are adjusted are critical for the better

performance of electrochemical capacitors.

a) Cell voltage V: Maximum potential defined at the electrodes used on the SC. It depends
mainly on the type of electrolyte used. Organic electrolytes provide a broader potential
window up to 2.7-3 V, unlike aqueous electrolytes which thermodynamically can only
reach up to 1.2 V. However, the first ones suffer a drop in conductivity that water based

electrolytes can compensate.’

b) Capacitance: The capacitance is given in Farads (F) and it depends directly on the active
materials and the electrolyte. For aqueous systems, maximum capacitance values are
around 300 F g contrary to organic systems, which can reach 150-200 F g, for
EDLCs.’

c) Series resistances R: This is the entire resistance of the SC, which sums the electrolyte
resistance, electrode resistances from the materials, and the contacts. The resistance

dictates the maximum power that a supercapacitor can deliver.”
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d) Energy: The energy stored in an SC is given by Eq. I-1, where W is the energy (J), C is
the capacitance (F), and V is the voltage (V). As the potential window for organic
electrolytes systems is higher, they can store a more considerable amount of energy.’

W=%CV2 Eq. I-1

e) Power: The power is defined by the product between voltage and current, or the energy
delivered per unit of time. For supercapacitors, the parameter used is the maximum
power Pmay, it is given by Eq. I-2.”

2
Vmax

_max Eq. I-2
4R

Pmax:

1.3. Materials with pseudocapacitive behavior

1.3.1. Pseudocapacitance phenomenon

As aforementioned, a rectangular cyclic voltammogram and a linear time-dependent
change in potential at constant current characterize the EDLCs. On the other hand, cyclic
voltammograms for batteries display the corresponding reduction and oxidation peaks caused
by a faradic response and the voltage plateau in a galvanostatic experiment indicating the
presence of two phases®. In addition, Conway et al.® acknowledged different materials capable
of carrying out fast and reversible redox reactions at or near their surface with a similar
electrochemical signature to that of EDLCs, although with much greater charge storage’*. This
phenomenon was called “pseudocapacitance”® and represents another mechanism for capacitive
energy storage. Conway later extended the concept of pseudocapacitance to monolayer
adsorption (adsorption pseudocapacitance, Figure I-7a and d)*°, faradaic reactions of hydrous
RuO; in H,SOs (redox pseudocapacitance, Figure 1-7b and e'®'"), and solid-solution
electrochemical intercalation (intercalation pseudocapacitance, Figure 1-7c and f).28 In the

following subsections a few examples of materials presenting such behavior will be described.
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Figure I-7. lllustrations of the three types of pseudocapacitance (a-c) and their corresponding CV
profiles and reactions (d-f): (a) adsorption pseudocapacitance, (b) redox pseudocapacitance and (c)
intercalation pseudocapacitance. CV profiles of (d) a Pt (110) surface in 0.1M aqueous HCIO4, (e)
RuO+0.5H,0 in 0.5M aqueous H,SQO4, and (f) T-N12205 in a nonaqueous Li* electrolyte. Adapted

from.

1.3.2. Metal oxides pseudocapacitive materials

Hydrous RuO2 (RuO2+nHz0), iridium oxide (IrOx), and MnO: (typically birnessite 3-
MnO, of the type KxMnO2enH>O) are among the most-studied materials exhibiting a
pseudocapacitive mechanism and continue to serve as model materials for the fundamental
understanding of such phenomenon. The surface area-normalized capacitance for hydrous
RuO is about 150—1200 uF.cm, depending on the preparation method, with an almost ideally
rectangular capacitive CV response for the optimum water content of 0.5¢H>0O per RuO- (see
Figure 1-8).20-22

This capacitance is at least an order of magnitude greater than what is typically measured
for carbon materials (~4—16 puF.cm)?3, Moreover, this mechanism is described as a series of
fast, reversible electron-transfer reactions that are coupled with protons H* adsorption at or near

the electrode surface where the Ru oxidation states can change from (1) up to (IV) (Eq. I-3).
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Figure 1-8. a) Representative cyclic voltammogram of RuO2+0.58H,0 measured in an acidic
electrolyte at a sweep rate of 2 mV.s™. b) Schematic of RuO,+nH.0, depicting clusters of rutile RuO;
formed into loose aggregates separated by hydrous grain boundaries.? 22

RuVO, +xH +xe” < Ru'; Ru™ O, Hy Eq. I-3

However, the high cost of ruthenium-based materials has limited their applications to a
few high-value electronic devices. In contrast, manganese oxides present a relatively low cost,
low toxicity, environmental safety, and a high theoretical capacitance of up to 1300 F.g?,
making it a suitable alternative to Ru0,.6%°

Mn{ysyyMn3Y (4y)OOMyHy = M0V 0, + xH* + yM* + (x +y)e~

Normalized current (A/g)

Mn'V0, + xH* + yM* + (x +y)e™ - Mn(f,y)Mn}Y (., OOMy H,

-0.1 0.1 0.3 0.5 0.7 0.9
Potential vsAg/AgCl (V)

Figure 1-9. Schematic CV for a MnO electrode in a mild aqueous electrolyte (0.1 M K»SO4) shows
the successive multiple surface redox reactions leading to the pseudocapacitive charge storage
mechanism.*?

25



Chapter |

The different polymorphs MnOx (amorphous to highly crystalline) and different
electrode structures (powder, composites, thin films) represent an extensive range of
electrochemical performance metrics. Further studies have already disclosed an apparent
mechanism where the average oxidation state alternates between 4" and 3* being compensated
by cations insertion (Na*, K*) or protons from the aqueous electrolyte (see Eq. I-4 and Figure
|_9).24—29

MnO, +xC" +yH" + (x+y)e” < MnOOCH, Eq. I-4
Example materials presenting the third pseudocapacitive mechanism indicated in Figure

I-7c and f will be described in the next section, highlighting the fast intercalation behavior.

|.4. Fast intercalation materials

1.4.1. TiO, and titanates
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Figure 1-10.a) CV for the 7 nm nanocrystalline TiO film. The sweep rates were (from out to in) (a)
10, (b) 5, (c) 2, (d) 1, and (e) 0.5 mV/s, 1.0 M LiCIO4 in PC. And b) CVs of H2TisO7 nanowires in a
non-aqueous lithium ion electrolyte 1M LiPFs + EC/DMC (1/1, v/v).3032

TiO2 presents a fast intercalation behavior as reported by Dunn® and Zukalov®! (see
Figure 1-10). The charge storage in TiO2(B) occurs via the intercalation of lithium ions in a non-
aqueous electrolyte (see Eq. I-5). TiO2(B) exhibits two sets of cathodic redox peaks, at 1.5 and

1.6 V vs. Li*/Li, which are located at lower potentials than for lithium-ion intercalation into

26



Chapter |

anatase TiOg, (~1.75 V). In bulk TiO2(B), these peaks exhibit a linear dependence on the sweep
rate indicative of a pseudocapacitive process. Moreover, the theoretical capacity for a full one
electron redox reaction is 335 mAh.g* (1206 C.g*).3!

TiO,(B) +xLi* +xe~ < Li, TiO,(B) Eq. I-5

Furthermore, the layered structures of hydrogen titanates (H2TizO7) have been
investigated for pseudocapacitive EES. In these materials, as in other titanium oxides, charge
storage occurs due to the Ti***3 redox couple, and lithium-ion intercalation occurs below 2 V
vs. Li*/Li. These investigations have been primarily carried out on nanostructured materials
such as nanowires and nanotubes, and a reversible capacity of 597 C.g? (~ 5 min

charge/discharge) was obtained.32-%

1.4.2. T-Nb,Os
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Figure 1-11. a) Cyclic voltammograms from 100 to 500 mV.s™ demonstrate the high-rate capability of
the material. And b), b-value determination of the peak anodic and cathodic currents shows that this
value is approximately 1 up to 50 mV.s™.°

Recent reports have demonstrated the fast intercalation behavior (pseudocapacitive in
nature) of orthorhombic T-Nb2Os. In general, the charge storage of T-Nb2Os occurs due to the
insertion of lithium ions in non-aqueous electrolytes at a potential of <2 V vs. Li*/Li. Based on
the redox of the Nb*™>** couple. The charge storage occurs up to 2 Li*/Nb2Os for a maximum
capacity of 720 C.g*t (see Eq. 1-6).% The T-Nb,Os material exhibits the features
representative of pseudocapacitive charge storage for sweep rates up to 50-60 mV.s™ which
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corresponds to 1-minute charge-discharge times. The CVs (see Figure I-11a) exhibit broad
redox peaks below 2 V. The peak current scales linearly with sweep rate over a wide range of

sweep rates as shown in Figure 1-11b.%
Nb,0s + xLi' +xe < Li,Nb,0s Eq. 1-6

T-NDb2Os along with TiO2 and the hydrogen titanates present a fast intercalation process
for Li* in non-aqueous electrolytes. This behavior has been suggested as a pseudocapacitive
behavior in nature; however, one must be careful when reporting the values in capacity (C.g°
and not capacitance for those materials exhibiting a clear faradaic signature in their CVs.*
These high-rate materials present an exciting alternative for fast and high-power devices;
nonetheless, they operate in an organic electrolyte. In the next section, tungsten oxide will be
introduced as another high-rate material presenting a very similar behavior to T-Nb2Osand TiO>

but in a water-based electrolyte.

1.4.3. Tungsten Oxide - WO3

Tungsten oxide (WOg) is a transition metal oxide characterized for a wide range of
various applications.*? Nanostructured WOs is an exceptionally versatile material and offers
unique characteristics. It has become one of the most investigated functional metal oxides
impacting many research fields, including condensed matter physics and solid-state chemistry.
WOz has exceptional chromic properties, and thin films made of nanostructured WO3 have been
increasingly investigated and applied to develop photochromic and electrochromic devices.**-
% WO;s is a versatile transition metal oxide with different polymorphs, and because of these

interesting structural properties, its range of applications can be even more spread.

1.4.3.1. Structural features

The crystal structure of WOs3 is composed of corner-sharing WOs octahedra. There are
several polymorphs of the WOsz compound: monoclinic Il (s-WOQ3), triclinic (3-WOs3),
monoclinic | (y-WOg), orthorhombic (B-WO3), tetragonal (a-WO3), and cubic WO3. However,

28



Chapter |

cubic WOz is not commonly observed experimentally. The detail of the polyhedral

representations of these six structures is shown in Figure 1-12.47

The phase classification is based on the tilting angles and rotation direction of WQOs
octahedra regarding the “ideal” cubic structure (ReOs type). Lattice constant data for WOs3
crystal phases are presented in Table I-1. Like other metal oxides, WOs crystal phase transitions
can take place during annealing and cooling. It has been widely reported that for WQOs, in bulk
form, phase transformation occurs in the following sequence: monoclinic 1l (- WO3, <—43 °
C) — triclinic (8- WO3, — 43 °C to 17 ° C) — monoclinic I (y - WOz, 17 ° Ct0 330 ° C) —
orthorhombic (B - WO3, 330 ° C to 740 ° C) — tetragonal (o - WO3, > 740 ° C) The above
phase transitions of WO3 has been reported to be partially reversible. Monoclinic I (y - WO3)
has been reported as the most stable phase at room temperature, with triclinic (5-WQO3) also
being observed. When annealed at high temperature, WO3 transforms to other crystal phases
(usually B-WOs3 and a-WO3). However, WOz is generally unable to retain these alternate phases
when it is returned to room temperature. The monoclinic Il phase (e- WQO3) is only stable at

subzero temperatures and is thus rarely encountered outside the laboratory.*?
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Figure 1-12. Tilt patterns and stability temperature domains of the different polymorphs of WO3*’
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Table I-1. Lattice constant data for different WOs crystal phases.

|attice eWOM  SWOM WO BWO 08 “ideal”
constant (A) cubic- WO,
a 7.378 7.309 7.306 7.384 5.25 3.84

b 7.378 7.522 7.540 7.512 N/A N/A

c 7.664 7.686 7.692 3.846 3.91 N/A

In addition to the aforementioned crystal phases, another possible stable phase for WO3
is the hexagonal (h-WQO3z). Observation of this phase was first reported by Gerand et al. in
1979* and was originally obtained from the slow dehydration of tungstite. Figure 1-13 presents
a diagram of the crystal structure of h-WOs. The crystal structure is again composed of corner-
sharing WOe octahedra, but with the form of three and six-membered rings in the ab-plane.
These three- and six-membered rings result in the appearance of trigonal cavities and hexagonal
windows, respectively. In the c-axis, these octahedra stack by sharing the axial oxygen and
form 4-coordinated square windows. However, this hexagonal crystal phase is metastable and
reported to be transformed into a monoclinic structure when annealed at temperatures exceeding
400 °C. The lattice constants reported for h- WOz are a = 7.298 A and ¢ = 3.899 A %

(A) h-WO, along [001] plane

[001] plane

Hexagonal window

(B) h-WO, along [100] plane

Figure 1-13. a) The structure of h-WOj3 is shown with the ¢ -axis perpendicular to the plane. b) The
structure of h-WO3 with the c- axis parallel to the plane.*’
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1.4.3.2. WOz in energy storage

As mentioned above, tungsten oxide and related compounds show rich diversity in their
structures. Among the different forms of tungsten oxide, WO3 has been a versatile and capable
electrode material for energy-storage applications, batteries, and electrochemical capacitors?.
One of the most interesting reports is the one by Augustyn et. al.>*°!, where they studied the
pseudocapacitive behavior of the hydrated phase of WO3<2H>0 (see Figure 1-14). As a result,
they found that it exhibits significantly improved capacity retention and energy efficiency for
proton storage over monoclinic WO3 at sweep rates as fast as 200 mV.st. The theoretical
capacity for the one-electron redox process is 360 C.g 1. Cathodic current arises from reducing

W8* to W°* with the concomitant intercalation of H* from the electrolyte (see Eq. I-7).

WO, e 2H,0 + xH +xe < HWO0; enH,0 (0<x<l) Eq. I-7

The studies performed by Augustyn’s group account to be one of the most interesting
because they exhibit the fast intercalation mechanism of WOz in a water-based electrolyte. This

will serve as an excellent reference for the study intended in this thesis.
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Figure 1-14. a) Crystallographic structures of monoclinic WO3+2H.0 and b) cyclic voltammograms at
various sweep rates in 0.5 M H,S50,.%°
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1.5. Conclusions and Objectives of the thesis

In this brief literature review the concepts and examples of pseudocapacitive and fast
intercalation materials were introduced and described. Both mechanisms involve fast and
reversible redox reactions occurring at the surface (or into) the electrode material. The
electrochemical signature of the pseudocapacitive materials will depict most of the time a quasi-
rectangular shape with slight or non-faradaic response, presenting a non-diffusion limited
mechanism. Whereas, fast intercalation materials will present a defined faradaic behavior.
However, the performance of the latter will be differentiated of that of a battery material
because of the much faster times of operation. In addition, this material will present a diffusion-

limited mechanism.

Thus, the main objective of this thesis is to study different tungsten-based oxides as
electrode materials for fast energy storage systems and to unravel their charge storage
mechanism, either a pseudocapacitive or a fast intercalation behavior.

The main goals are:

1) To synthesize by low-temperature FeoWOe and the Hexagonal Tungsten Bronzes. And to
fully characterize the materials to understand how they will perform electrochemically in
aqueous electrolytes.

2) To use different methods, physicochemical, electrochemical, in situ and operando to

understand what type of charge storage predominates on each material.
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I1.1. Introduction

This chapter will present the study of iron tungsten oxide Fe;WOs as a negative
electrode material for electrochemical capacitors. The interest in such multicationic oxides and
their advantages in terms of electrochemical performance in aqueous electrolytes will be
highlighted.

The synthesis, the structural characterization, and the electrochemical performance of

Feo,WOes electrode material will be described and discussed in the second section.

Afterwards, in the third section, the stability of such material during long-term
electrochemical cycling in 5M LiNOz aqueous electrolyte will be shown. The aim will be to

shed light on this behavior using original characterization equipment.

Finally, the last section of the chapter will be dedicated to the crystallographic study of
the Fe2WOs synthesized at higher temperatures, solving for the first time the crystal structure

using powder X-ray diffraction and the incommensurately modulated structural model.

I1.2. Fe;WOs as a pseudocapacitive electrode material

[1.2.1. Introduction

The pseudocapacitive behavior of transition metal oxides has been demonstrated for
materials such as RuO' Mn0O.,%® and Fe,Os* The charge storage mechanism in these
compounds relies on fast and reversible redox reactions that occur at the vicinity of the electrode
material. This pseudocapacitive behavior depends mainly on the existence of specific

electroactive cations in the electrode materials.®

Multicationic oxides exhibiting a pseudocapacitive effect have been presented as
alternatives to single metal oxides. Various oxides have been synthesized involving
electroactive cations such as Mn, Fe, Co and Ni coupled to the so-called spectator cations. These
are located inside the crystal structure and whose only role is to maintain the stability of the

network without any electrochemical activity. Examples of spectator cations are Sr, Ba, Zn, La,
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or W. The combination of appropriate cations (spectator and electroactive, e.g., MnFe;O4,°
ZnMn;02,” and FeWO.®) in distinct crystallographic structures (e.g., spinel, perovskite,
wolframite, columbite) can give rise to interesting pseudocapacitive behaviors and higher
volumetric performances due to the high density of these oxides compared to usual activated
carbon materials, 260 F.cm vs. 80-100 F.cm, respectively.>12

Moreover, parameters such as specific surface area, morphology, and accessibility of
the active sites are also essential since the reaction remains a surface reaction that occurs at the

electrode/electrolyte interface (see Figure 11-1).°

Crystallographic structure

ABO, , AB,O i
§romEEa Specific surface area

Aqueous electrolyte

. . I Crystallite size
prs, Gaions, anions \ pore size distribution, ...
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cation -1 1
E Anionic and cationic vacancies,
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Spectator cation Electrode composition

Alkaline earth, lanthanide, ... Type of carbon, binder, ...

Figure 11-1. Schematic drawing of the different parameters that could possibly influence the
electrochemical behavior and performance of multicationic oxides for aqueous electrochemical
capacitors.®

The Fe-W-O family has already been studied in our team, in particular the FeWOQ4
wolframite phase, showing interesting performance as electrode material for electrochemical
capacitors operated in a neutral aqueous electrolyte, about 35 F.g™* corresponding to about 260
F.cm (see Figure 11-2).813 The role of the Fe3*/Fe?* redox couple has been recently proven to

be responsible of such a pseudocapacitive behavior.'*

Therefore, from a fundamental and applied point of view, we decided to investigate the

Fe-W-O system now as Fe,WOs. Different studies have reported the properties of such
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compound as a negative electrode for lithium-ion batteries™ photocatalyst’® and
photoelectrode,!” motivating the use of this Fe-W-O material as a possible pseudocapacitive
electrode material for aqueous electrochemical capacitors. Unlike FeWOa, which depending on
the synthesis conditions can present different ratios of Fe3*/Fe?*. Fe;WOs contains only Fe** in

the crystal structure, impacting the final electrochemical performance differently.

600

(@)

400 A

200-
(b)

-200 4
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-0,6 -0,4 -0,2 0,0
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Figure 11-2. Cyclic voltammogram of FeWO, in aqueous LiNOs; 5 M. (a) Polyol-mediated synthesis
and (b) hydrothermal synthesis; scan rate: 10 mV-s %, and (c) crystallographic representation of
FeWO, wolframite structure.®

Nevertheless, Fe:WOs was only synthesized under high-temperature synthesis
conditions, above 900 °C for more than 24 h,*3-%0 leading to large average particle size and low
specific surface area, both of which are detrimental to the surface reactions required for a
pseudocapacitive electrochemical behavior. Therefore, in the next section, Fe2WOs will be
synthesized for the first time by a low-temperature (~220 °C) method, hence limiting particle
growth and a possible increase in specific surface area. Moreover, this material will be
compared to the one obtained by the classic ceramic route. Additionally, X-ray diffraction
(XRD), scanning electron microscopy (SEM), and BET analysis will be used to study the crystal
structure, morphology, and specific surface area of the as-synthesized particles and the heat-

treated materials.
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11.2.2. Polyol-mediated synthesis vs. Ceramic synthesis

The polyol-mediated route is a low-temperature process involving a liquid polyol acting
both as a solvent for the dissolved precursors and as a mild reducing agent?!. The main features
of this method are: 1) the possibility of using high-boiling multivalent alcohols in liquid-phase
media having a water-comparable solubility for simple metal-salt precursors. 2) The reducing
and coordinating properties for the nucleation and growth of the particles and 3) An easy
adaptability of the polyols from low-weight like ethylene glycol (EG) up to high-weight like
polyethylene glycols (PEGs).?*?? The polyol-mediated route can tune the different parameters
such as the starting materials to be used, the temperature, pH of the solution, and the duration
of the reaction that will control the kinetics of the precipitation, and then well-defined shape
control-size particles can be obtained.?? These characteristics make it an attractive and relatively
simple synthesis method to produce single metal oxides such as CoNi,® ZnO,® and

multimetallic oxides like FeCoNi.2*

Therefore, FeoWQOs was synthesized for the first time following the reported polyol-
mediated synthesis of several nanoscale transition metal tungstates, such as FeWQ4.22° First,
50 mL of diethylene glycol, DEG 99% (HOCH2CH2).0O (Alfa Aesar), was heated up to 80 °C
to dissolve 10.55 mmol of iron (I11) nitrate nonahydrate, Fe(NOz)3*9H20 98% (Alfa Aesar),
under vigorous stirring until acquiring a homogeneous solution. Then, an aqueous solution of
5 mmol of sodium tungstate dihydrate, Na,WQO42H>0 99% (Acros Organics), was added
dropwise, and directly after that, the pH was very carefully adjusted to 6 using a solution of
ammonium hydroxide, NHsOH 28% (Alfa Aesar), resulting in a reddish like suspension. Once
the pH was stabilized, the mixture was heated up to 220 °C and kept for one hour until complete
nucleation occurred (see Figure 11-3). After natural cooling down to room temperature, the
particles were purified by centrifugation (20 min, 10,000 rpm) and suspended in ethanol, glacial
acetic acid, and distilled water three times to remove all the remaining salts and other non-
desired products of the reaction. The obtained powder was then dried at 60 °C for 24 h in air
and ground before several heat treatments under air at different temperatures, ranging from 400
°C up to 800 °C.

The proper ratio among iron and tungsten precursors had to be well defined to avoid
either iron oxides or tungsten oxides precipitating as impurities. The average yield obtained in

the reactions was about 90%, and it was noticed that washing and cleaning of the samples after
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being synthesized was a vital parameter to take into account for the higher yield desired. Every

time a brownish/reddish powder was obtained.

As a comparison and reference, a classic solid-state reaction (ceramic synthesis)'®2°
was carried out by mixing 1:1 molar ratio of iron (1) oxide red, Fe>Os3 (Riedel-de Haén, purity
> 95 %) and tungsten (V1) oxide, WOs3 (Sigma-Aldrich, 99.9%). The mixture was ground in an
agate mortar until reaching a homogenous powder. Afterwards, the sample was placed in a
ceramic crucible and then taken into a furnace to be heated under air at 950°C for 24h. Once
the reaction concluded, the powder was recovered and ground one more time for further

characterizations.

DEG + Fe(NO5); 70°C ‘

2

Na,WO,
(dropwise)

L 4

NH,OH 28%
pH ~ 6

Figure 11-3. Schematic drawing of the polyol mediated-route for the synthesis of low-temperature
FeaWOes.

11.2.3. Physical and structural characterization

11.2.3.1. Crystal structure: X-ray diffraction

The crystallographic structure of the different samples was investigated by X-ray
diffraction (XRD) using a PANalytical X’Pert Pro diffractometer (by Malvern Panalytical) with
an X’Celerator detector and Cu-Kal-Ka2 (A = 1.54060, 1.54439 A) radiation. The acceleration
voltage and current were 40 kV and 40 mA, respectively. Diffraction patterns were collected in
the 20 range from 10 to 70° and a scan step of 0.0167°. For the in situ heat treatment study, a
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high-temperature chamber XRK 900 (by Anton Paar) was used under air with a heating rate of

6 °C.min"%. The patterns were acquired after 250 °C every 50°C degrees.

Surprisingly, the diffractogram taken at room temperature for the as-synthesized polyol
FeaWOg showed an amorphous material, in contrast to some other tungstates synthesized by
the same method and already reported in the literature.8%° For that reason, we decided to carry
out in situ temperature X-ray diffraction study by following the crystallization as a function of
temperature increase from the as-synthesized sample to 900 °C. An amorphous phase is still
observable below 600 °C. At T = 600 °C, some broad features begin to develop, resulting in a
well-crystallized pattern at around 800 °C, as seen in Figure 11-4. The structure of the polyol
sample heated at 800 °C will be discussed in the next paragraph.

950°C*|

v —
950°C
900°C )
800°C / \, A AR A

MM AN
e Ny
600°C

Intensity (a.u)

500°C

400°C
as-synthesized

20 30 40 50 60 70
26 (°)

Figure 11-4. In-situ temperature X-Ray diffraction patterns of the polyol sample from as-synthesized to
900 °C. Two XRDPs recorded at room temperature are added for comparison: one after heating the
polyol sample at 950 °C (brown line) and one of the ceramic sample synthesized at 950 °C* (black
line).

We added in Figure 11-4 two XRDPs recorded at room temperature: one from the
ceramic sample synthesized at 950 °C and one from the polyol sample after heating it at 950
°C. We note that, at T = 950 °C, additional reflections, broader than the others, appear on both
XRDPs. At T =900 °C, a bump is observed around 20-22°, which corresponds to the 26 location
of the most intense additional reflections seen at T = 950 °C. These features will be discussed

in detail in section 4.
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The as-synthesized sample (without any further heat treatment) and the samples heat-
treated at 400 °C, 600 °C, and 800 °C were selected to follow some extra characterizations and
will be referenced as FWO-RT, FWO-400, FWO-600, and FWO-800, respectively in the

upcoming text.

11.2.3.2. Rietveld analysis for Fe2WOs polyol sample at 800 °C using JANA 2006

In order to confirm the presence of a Fe2WOs crystalline phase in the sample synthesized
via the polyol mediated route, we decided to perform Le Bail and Rietveld refinements on the
sample heat-treated at 800 °C. As we observed in the previous section, this sample already

contains well-defined reflections to conduct a structural refinement.

— Observed
— Calculated —
—— Difference s

Intensity (a. u.)
110

wmmwwfwwwwwwwww
w0 00 w00 s00 600
26 (%)

Figure 11-5. Final Rietveld refinement of the XRD pattern for the Fe;WOs polyol sample at 800°C
with Cu-Kal-Ka?2 radiation (R(obs) = 3.26 %, GoF = 1.33, WRp = 5.61 %). The inset shows the
hypothetical structure of Fe;WQOs that can be described as the stacking along the a axis of layers made
of zigzag chains of edge-sharing Fe/W octahedra shifted from one layer to another with a (1/2, 1/2, 0)
vector. Layers are connected to each other through corner sharing octahedra.

The reflections observed in the X-ray powder pattern can be indexed into a unit cell of
the a-PbO: structure (as.-pbo2, be-rbo2, Ca-Pro2; PbCn space group) with a axis equal to one-third
that of a-Fe2WOs, the low-temperature form of Fe2WOe with the columbite structure (3as-pboz,

bu-Pbo2, Ca-pbo2; Pbcn space group).?® It is as if the structure adopts the a-PbO; structure without
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cation ordering and has a single mixed Fe/W site distributed in the unit cell (see Figure 11-5).
The cell parameters are refined in a Pbcn space group with a = 4.5995(15) A, b = 5.6043(19)
A, ¢ =4.9718(19) A% Both Fe and W atoms occupy the same crystallographic site with a 2:1
ratio (see Table II-1). After refining the atomic coordinates and the atomic displacement
parameters (ADP), the resulting R-values are R(obs) = 3.26 %, wRp = 5.61 % and GoF = 1.33
indicating a valid structural model. Note that Le Bail refinement using the cell parameters of

the columbite structure in the Pbcn space group resulted in a worse GoF.

Table 11-1. Atomic coordinates and atomic displacement parameters of Fe;WOs polyol sample at
800°C with a = 4.5995(15) A, b = 5.6043(19) A, ¢ = 4.9718(19) A, V = 128.16(8) A%, SG Phcn.

Wyck.
Atom X y z SOF Uiso (A2)
POS.
Fel 4c 0 0.1654(5) 0.75 0.6667  0.0206(17)
W1 4c 0 0.1654(5)  0.75 0.3333  0.0206(17)
Ol  8d  02333) 0.1442) 0427(2) 1 0.012(4)

11.2.3.3. Morphology, surface area and chemical analysis

Figure 11-6. Scanning electron microscopy images for the ceramic sample at 950 °C.

The morphology and chemical analysis of the different materials obtained were
characterized by Scanning Electron Microscopy using a Merlin SEM from Carl Zeiss and
Energy Dispersive X-ray Spectroscopy with an X-Max detector 50 mm? by Oxford Instruments
NanoAnalysis installed in the same microscope. The specific surface area of the powders was
determined using the BET method (Brunauer-Emmett-Teller) from the 77 K nitrogen

adsorption curves with a Quantachrome Nova 4200e equipment (Anton Paar).
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Figure 11-6 shows the SEM images for the ceramic sample at 950 °C. This sample is
composed of well-defined, flat, and smooth surface particles. The average particle size can be
found between 0.8-2 um in agreement with the well-crystallized X-ray diffraction pattern

observed in the previous section with very sharp peaks, explaining the uniformity of the surface.

Contrarily to the Feo,WOs synthesized at high temperature, the particles corresponding
to the low-temperature polyol-mediated route seem to be completely different. They are more
agglomerated with each other with the higher number of defects at the surface and a more
significant particle size distribution. Figure I1-7 shows the SEM images for the as-synthesized
sample, FWO-400, FWO-600, and FWO-800. Neither precise geometry nor form can be
detected, which is an attractive feature compared to what can be found in the literature where

the reported works have shown the synthesis of nano-sized particles.®?°

> FWO-800 5
T S aha

Figure 11-7. Scanning electron microcopy images for the selected polyol samples: as-synthesized and
with different heat treatment: 400°C, 600°C and 800°C.
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All samples kept a Fe/W ratio ~ 2:1 according to the EDX measurements. The specific
surface area (SSA) was measured using BET method and as it was expected for the selected
polyol samples, the increase in temperature directly impacts the decrease of SSA. The results
show 133, 121, 26, and 11 m?g?, for FWO-RT, FWO-400, FWO-600, and FWO-800,
respectively. Whenever the temperature increases, the particles begin to agglomerate and
become more compact, reducing the space, closing and shrinking the open defects on their
surface, thus diminishing the SSA. Moreover, the SSA for the ceramic sample was found to be

~2migl

11.2.4. Electrochemical performance of Fe,WQO;s pseudocapacitive electrode

material

11.2.4.1. Electrode preparation and electrochemical setup

Reference Electrode

Ag/AgCI
X Composite
Counter | Fe,WO;
Electrode Pt . electrode
Hy |

% 1/

ey
)
>

Electrochemical cell

Figure 11-8. Electrochemical cell showing the three-electrode setup.

The composite electrodes were prepared in agreement with that described by Brousse et
al.?® The electrode composition was as follows: Fe;WQg as the active material, conductive
carbon (Carbon Black by Superior Graphite, >99%) to improve electronic conductivity, and as
the binder to ensure the mechanical strength of the electrode, Polytetrafluoroethylene (PTFE

Sigma Aldrich) in the respective weight ratios: 60/30/10. The mixture was suspended in ethanol
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and heated up to 60 °C under vigorous stirring until the complete evaporation of ethanol. The
remaining black slurry was then cold-rolled until reaching a composite film with a thickness
between 100 and 150 pum. After drying at 60 °C to remove the remaining ethanol, 10 or 12 mm
diameter disks were cut out and pressed at 900 MPa onto stainless steel or titanium grids, used
as current collectors. The mass loading of the prepared electrodes varied from 5 to 10 mg.cm?,
which is an accepted loading for assessing the properties of an electrode material used in

electrochemical capacitors.?

The electrochemical performance for all the samples was carried out by cyclic
voltammetry with a VMP3 galvanostat—potentiostat (from Biologic run under ECLab software).
The experiments were conducted using a three-electrode electrochemical setup employing
Ag/AgCI (3M NaCl) as the reference electrode and a platinum grid as the counter electrode (see
Figure 11-8). A neutral 5M LiNOs aqueous solution was used as the electrolyte, and all the

experiments were performed in a [-0.6 V; 0 V] vs. Ag/AgCI potential window.

11.2.5. Electrochemical characterization by cyclic voltammetry

al
o

8 b)
400 - S
g 40
200 - f=))
§ w
s 0 ® 304 —~/\— FWO-RT
S e —{— FWO-400
< -200 - 8 —O— FW0-600
E & —7— FWO-800
= -400 qQ 204
]
O
-600 e
- 'S 10
-800 - g
: N
-1000 W 7— —
T T T T T T T O T T T T T T
06 05 -04 -03 -02 -01 00 0 20 40 60 80 100
E/V vs. Ag/AgCI Scan rate / mV s

Figure 11-9. a) Cyclic voltammograms at 20 mV.s™ fiom 0 to —0.6 V vs. Ag/AgCI and b) Evolution of
the specific capacitance in F.g™ vs. scan rate in 5M LiNO3 for the selected Fe,WOs samples FWO-RT,
FWO-400, FWO-600, and FWO-800.

Cyclic voltammetry was used to evaluate the electrochemical behavior only for the
selected polyol Fe;WOs samples, FWO-RT, FWO-400, FWO-600, and FWO-800. Figure 11-9a
shows the cyclic voltammogram recorded at 20 mV.s™*. For all samples, no evidence of redox

peaks can be observed; thus, we can rule out a faradic response for the electrode materials.
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Instead, a distorted rectangular shape is present for all of them but with significant differences.
We can notice that the low-temperature samples FWO-RT and FWO-400 present a sort of
“rugby ball” shape voltammogram, corresponding to a very resistive composite electrode with
a specific capacitance of 17 F.g* and 15 F.g™%, respectively. The high-temperature sample
FWO-800 exhibits a more rectangular shape typical of pseudocapacitive oxides!% but with a
meager capacitance value (3 F.g™1). On the other hand, the sample FWO-600 exhibits a quasi-
rectangular shape CV with a specific capacitance of 23 F.g tat 20 mV.s™*. This behavior is very
similar to that observed for FeWOQ4 material cycled under similar conditions,®*2 attributing this

performance to the Fe**/Fe?* redox couple.*

Figure 11-9b displays specific capacitance values in Farads per gram (F.g %) at different
scan rates for all the samples. It is observed that despite a capacitance value of 47 F.g™* for the
FWO-RT sample when cycled at 2 mV.s ™%, a rapid fade occurs while increasing the scan rate.
Sample FWO-400 also exhibits a similar behavior while FWO-600 keeps the best performance
even at higher rates. For this latter sample, the specific capacitances measured at the different
scan rates are within the same range as those measured for FeWO,>8. FWO-600 can reach up
to 38 F.g ™%, corresponding to a volumetric capacitance of 240 F.cm ™ when cycled at 2 mV.s™%;
this value was calculated considering a density of 6.3 g.cm ™3, measured by helium pycnometry,
being comparable to the theoretical value of 6.82 g.cm™ reported by Pinto et al.!®. This
attractive density value, comparable to different multicationic oxides, can be exploited to
implement this oxide material as a high volumetric capacitance electrode in aqueous-based

asymmetric devices.

11.2.5.1. Electrochemical stability

The electrochemical stability of all the samples was then studied over 3000 cycles at 20
mV.s L. Figure 11-10 shows that after a slight increase during the first 200 cycles for FWO-600,
almost 90 % of capacitance retention can be achieved after 3000 cycles, rarely reported for
pseudocapacitive electrodes®®?, This slight increase has already been observed in our lab for
similar materials. The reason is the impregnation time with the aqueous electrolyte throughout
the porosity of the composite electrode. For FWO-400 and FWO-RT samples, a quicker fade
in capacitance can be observed with only 65% and 50% capacitance retention, respectively.

Finally, the FWO-800 exhibits a stable but very low capacitance upon the 3000 cycles.
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A compromise between the crystallinity and the specific surface area (or the particle
size) directly impacts the electrochemical performance of the material®3! to get better
capacitance values associated with both interesting cycling stability and power capability. The
low-temperature sample presents the highest SSA (up to 133 m2.g™%) compared to FWO-600
(26 m2.g™1). Nonetheless, this latter sample achieves the best performance among all. When
polyol FeaWOgs is heated up at 600 °C, we achieve a relatively high specific surface area to
maintain a higher capacity while avoiding a progressive dissolution upon cycling, as observed

for the amorphous materials as-prepared or sintered at lower temperatures.
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Figure 11-10. Cycling stability up to 3000 cycles at 20 mV.s™ in 5M LiNO; for the selected Fe, WO
samples.

The changes occurring upon long-term cycling in pseudocapacitive electrodes are
scarcely investigated®32, In order to get further insights into the structural or/and
microstructural modifications occurring to the materials upon long-standing cycling, we
performed more in-depth analyses. Therefore, the FWO-600 electrode material was specifically
selected for such purposes since it exhibits the best electrochemical performance in terms of
capacitance, power capability, and cycling stability, as it was presented before. The following
section will describe the different approaches and characterization techniques used to elucidate

this oxide's stability.
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11.3. Cycling Stability of Fe;WOg pseudocapacitive electrode materials

11.3.1. Long cycling stability study

FWO-600 electrode material was submitted to 10,000 cycles (charge/discharge) at a
cycling rate of 20 mV.s™*. Figure 11-11 shows the relative capacitance after the long cycling
experiment with the inset presenting the first and last cyclic voltammograms. The remaining
capacitance after 10,000 cycles is close to 85%, with a very similar CV shape to the first cycle
(inset Figure 11-11). No apparent degradation of the electrode nor material dissolution could be

observed in the electrochemical cell.
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Figure 11-11. Long term cycling stability for FWO-600 sample at 20 mV.s™ in 5M LiNOs. Inset: Cyclic
voltammograms at cycle 1 and at cycle 10,000.

As a comparison, N.L. Wu et al.® assigned the fade in capacitance of a MnOz electrode
in aqueous 1M KCI to several factors, including severe surface modifications induced by
varying the upper cut-off potential. In order to thoroughly investigate the changes that could
occur to Fe;WOg particles after an extended cycling, several electrodes (prior cycling, after

10,000 cycles at 20 mV.s %, and a “blank” electrode soaked in electrolyte but without any
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cycling) were cut into small pieces to perform experiments using different characterization
techniques on the same material for all the tests.

11.3.1.1. Surface observations by Transmission Electron Microscopy

The study on the effects caused by the long-term cyclability began with the hypothesis
of possible changes occurring at the surface of the particles. In order to put on evidence such a
proposition, the microstructure, surface, morphology, and particle size modifications were
studied with a transmission electron microscope (TEM) ThermoFisher S/TEM Themis G3 at

300 kV point to point resolution: 0.18 nm.

Figure 11-12. TEM images of raw FWO-600 particles (a, b), after 10,000 cycles (c, d) and from the
blank electrode soaked in the electrolyte (e, f). Scale bar for figures a, ¢ and e is 50 nm while it is 10
nm for figures (b, d, f).
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As mentioned above, the study was performed by comparing a series of three different
electrodes: a piece of dry and non-cycled FWO-600 composite electrode (Electrode film, Figure
[1-12a and b, FWO-600 electrode cycled 10,000 times (Electrode 10k, Figure 11-12c and d) and
an FWO-600 electrode that was not cycled but only soaked the electrolyte (Electrode blank,
Figure Il1-12e and f) for the same time as the electrode cycled 10,000 times. At low
magnification (Figure I1-12a, ¢ and e), all the samples present similar aggregates with an
average size close to 100 nm, composed of tiny, irregular-shaped primary particles. From TEM
images, it is challenging to claim significant particle size distribution in the different samples.
At higher magnification, some small crystalline domains of a few nm can even be observed,
without relevant differences between each other. These observations are in good agreement
with the broad peaks shown on the XRD patterns (Figure 11-4). Interestingly, clear and sharp
edges are visible for all samples at the surface of the particles, and no dissolution or formation
of extra layers or coatings can be detected, contrary to what has been already reported for MnO>
after extended cycling.®® Furthermore, the particles extracted from the “Electrode blank”
presented no distinguishable effect. Thus, neither cycling nor electrolyte interaction induces

significant and visible changes at the surface of FWO-600 particles.

Microstructural changes do not seem to occur upon cycling or prolonged exposure to
the electrolyte, and the slight capacitance fade observed after 10,000 cycles must be

investigated with more specific analytical tools that could evidence such modification.

11.3.1.2. M0Ossbauer Spectroscopy Analysis

Madossbauer spectroscopy is perfectly adapted for the study of Fe-based materials, as it
should enable to reveal several modifications of Fe cations in the Fe2WOs structure, such as
their oxidation state and environment. This interesting tool can help us in the investigation of
the long-term cyclability of the FWO-600 sample.

S"Fe Mossbauer spectra were measured in transmission mode with a °’CoRh source.
Both the source and the absorber were kept at ambient temperature (294 K) during the
measurements. The spectrometer was operated in the constant acceleration mode with a
triangular velocity waveform. The velocity scale was calibrated with the magnetically split
sextet spectrum of a high-purity a-Fe reference absorber at room temperature. Since the data

fitting is not possible using one doublet (one environment), they were fitted with an appropriate
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distribution of six Lorentzian profiles representing quadrupole doublets by the least-squares
methods using the software PolMoss v2.0.3% In this way, spectral parameters such as the
quadrupole splitting (QS), the isomer shift (1S), the linewidth at half maximum (LW) of the

different spectral components were determined. Isomer shifts are given relative to the a-Fe.

S"Fe spectra were collected at room temperature on the same samples that were used for
the TEM observations. Mdssbauer spectra of the as-prepared electrode after being soaked in
the electrolyte (blank) and after 10,000 cycles (10k) are shown in Figure 11-13a. The as-prepared
electrode spectrum agrees well with the data reported by Birchall et al. for Fe;WOg powder. %
The fitting was performed with an appropriate distribution of six Lorentzian profiles

representing quadrupole doublets by least-squares methods (Figure 11-13b).
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Figure 11-13. a) Room temperature Mdssbauer spectra for non-cycled FWO-600 electrode (“Film”),
non-cycled but soaked in electrolyte (“Blank”) and cycled electrode after 10,000 cycles at 20 mV.s™
(“10k cycles ) and b) Room temperature *>'Fe Mossbauer spectra of all samples showing an
appropriate distribution of six Lorentzian profiles representing quadrupole doublets by least-squares
methods.

All the iron is in a ferric state and high spin octahedral configuration. The obtained
average isomer shifts and quadrupole splitting (given in Table 11-2) show that no Fe?* can be
detected in all the samples, thus confirming that the low-temperature synthesis of Fe2WOg leads

to a pure phase with Fe3*. Moreover, no significant change is observed after 10,000 cycles or
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prolonged soaking in the electrolyte, hence discarding any irreversible formation of Fe?* upon
cycling or soaking. Very tiny differences can be observed in QS distribution (see Figure 11-14),
showing a slight increase in the high QS contribution weight (around 1.2 to 1.5 mm/s). This

might indicate a possible but meager increase of the iron sites distortion after cycling or soaking

in the electrolyte.

Table 11-2. Room temperature *'Fe Mossbauer hyperfine parameters, <IS>, <QS> and <LW> are the
average isomer shifts, quadrupole splitting and linewidth, respectively.

Sample <IS> <QS> <LW>
P (mm/s) (mm/s) (mm/s)
Film 0.37 0.85 0.38
Blank 0.39 0.84 0.35
10k cycles 0.40 0.79 0.36
50
40 -
= 30
8
B
9 20-
0
<
10 -
04
0.50 0.75 1.00 1.25 1.50 175

QS mm/s

Figure 11-14. QS distribution for the three samples.

Considering that both accurate TEM observation of the surface for FWO-600 material
and Massbauer spectroscopy experiments performed before, after cycling, and with a soaked
electrode without electrochemical activity did not allow us to explain the capacitance fade
observed after 10,000 cycles and that no significant change can be observed concerning the
surface, morphology and on the Fe atoms environments. Therefore, we decided to use a
different approach concerning the magnetic properties of Fe2WOs. On this matter, in the interest

of better understanding such changes, the same selected electrodes were subjected to the

following experiments.
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11.3.1.3. Magnetization measurements

The magnetization experiments were performed using a commercial SQUID
magnetometer (MPMS-XL7 by Quantum Design) from 5 to 300 K at a field strength of H =
200 Oe. Electrode film, Electrode 10 k, and Electrode blank were measured under the same
conditions used by Guskos et al.?® for studying pristine Fe2WQs. Each sample was measured
on warming two times: once when the sample had been cooled in the absence of a field (zero-
field-cooled, ZFC) and once when the sample had been cooled in the measuring field of 200
Oe (field-cooled, FC). Magnetizations of the mixture of conductive carbon black and PTFE
binder and of the Fe:WOgs polyol powder were also measured separately. The mass
magnetization of the mixture of carbon plus PTFE was found to be very small (see Figure 11-15),

and the data for pristine Fe2WQg were consistent with those published in reference.?®
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Figure 11-15. T-dependent FC and ZFC mass magnetization @ 200 G for carbon +PTFE. Difference
between ZFC and FC data was assumed to arise from minuscule amounts of ferromagnetic impurities.

Figure 11-16 presents the T-dependent FC, and ZFC mass magnetizations for the three
electrodes studied. Data for the electrode film and for the electrode blank, which was only
soaked in electrolyte but without being cycled, are very similar to those obtained for pristine
(film) FeaWOe in that both the ZFC-FC bifurcation at about 250 K and the ZFC step-like
anomaly at about 200 K are clearly visible.?® As can be seen in Figure 11-16, these two latter

features, which are a hallmark of crystallized FeoWOs, are still observed in the T-dependent
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magnetization of the 10 k cycled electrode. Therefore, our data indicate that neither soaking nor
cycling induces a qualitative change in the bulk magnetic behavior of Fe2WOe. In other words,
the bulk of the oxide powders remains crystallized, and there is no change in the chemical
composition of the bulk upon cycling. However, it does not preclude chemical and/or structural
changes on the oxide surface as these bulk magnetization measurements do not probe surfaces.

Consequently, the magnetization measurements performed on the different samples
indicate no amorphization or modification of the iron cations environment upon cycling.
Therefore, the magnetic properties of the Fe;WOs material are not affected by long-term cycling

in the 5M LiNOs aqueous electrolyte.
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Figure 11-16. T-dependent FC (field-cooled) and ZFC (zero-field-cooled) mass magnetizations for
non-cycled “Film”, cycled electrode “10 K", and non-cycled but soaked in electrolyte “Blank”.

11.3.2. Preliminary conclusions on cycling stability

Long-term cycling stability in aqueous 5M LiNOs is presented for FeWOs electrode
material synthesized by polyol mediated-route and sintered at 600 °C. Such a study intended to
enlighten the high stability (only ~ 15 % loss in capacitance after 10,000 cycles) that is not often
observed for oxide compounds used in electrochemical capacitors. TEM observations,
Maossbauer spectroscopy, and magnetization measurements were further used to correlate the

fade in capacitance to microstructural or structural changes. All the experiments demonstrated
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that the morphology, crystallographic structure, and magnetic properties were not affected by
the electrochemical cycling nor simple prolonged soaking in the electrolyte. No partial
dissolution at the surface of the particles nor Fe?* formation could be detected, confirming thus
the stability of the material. However, some slight current collector corrosion at the interface
with the electrode was indeed observed, which could have been due to some dissolved oxygen

in the aqueous electrolyte, hence explaining the capacitance fade after 10,000 cycles.

I1.4. Crystallographic evidence of incommensurate modulations in

FeoWOg powder

11.4.1. Introduction

In this section, we will investigate the structure of the high-temperature form of Fe2WOe
(referred to as y-Fe2WOs) that was synthesized in our laboratory at T = 950 °C and relate its
structure to that of the heat-treated polyol samples at 900 and 950°C discussed in section
11.2.3.1.

v-Fe2WOg is the most studied phase among the three polymorphs a,*” g8 and y'8 mainly
because it is relatively simple to synthesize. This material has been studied in many fields for
its electrical * dielectric ° and magnetic®*' properties as well as its electrochemical activity,
as already discussed in the previous sections. It has been reported that the structure of y-Fe,WOs
adopts the tri-a-PbO- structure-type with b axis thrice of that of a-PbO> (au-pbo2, 3Da-Pbo2, Co-
pbo2, Pbcn space group) with a = 4.576(2) A, b = 16.766(5) A, ¢ = 4.967(2) A3. The structure
can be described as the stacking along the a axis of layers made of zigzag chains of edge-sharing
octahedra® (Figure 11-17). In a layer, one-third of the zigzag chains contain Fe1Og octahedra
and two-thirds of the chains are composed of alternating Fe20s and WOs octahedra (Figure
I1-17b-c. The sequence of cations is identical in the first (x ~ 0) and second (x ~ 1/2) layers, the
zigzag chains being translated with a vector (1/2, 1/2, 0) from one layer to another. Layers are
connected to each other through corner sharing leading to two kinds of ab planes consisting of
alternating Fe1Oe, Fe20¢ and WOg rows of octahedra along the b axis (Figure 11-17a and d).
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Figure 11-17. Representation of the y-Fe,WOg structure at room temperature. WOs, Fe1Os and Fe20s
octahedra are displayed in blue, orange and red, respectively.

The temperature-dependent X-ray diffraction study indicated (see Figure 11-4) at 800°C,
the formation of a well-crystallized phase whose diffraction peaks were successfully indexed
into the cell of the a-PbO> structure (as-pbo2, ba-rbo2, Co-Pbo2, Pbcn space group). At 900 and
950°C, additional reflections appear corresponding to the tri-a-PbO> structure with the
remarkable difference that these reflections are broader than the other reflections. For a Fe2WOQOsg
sample prepared by the classical ceramic route at 950°C, the same behavior was observed: some
diffraction peaks, the same as those of the polyol sample, are broader than others. In order to
shed light on this particular phenomenon, the structure of the polyol and ceramic powders at
900 and 950°C has been carefully investigated and reveals that the structure of y-Fe2WOg is
perfectly described using the superspace formalism. In this section, full details on the Rietveld
refinement of the high-temperature form of y-FeaWOs solved in a 4D space group will be
described and an explanation of the physical origin of the reflection broadening will be
provided.

11.4.2. Experimental part
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11.4.2.1. Synthesis

As already stated in section 11.2.2, polycrystalline samples of y-Fe;WOs were
synthesized using the standard solid state reaction. The starting materials Fe>Os (Riedel-de
Haén, purity > 95 %) and WO3 (Sigma-Aldrich, 99.9%) were mixed stoichiometrically and
ground in an agate mortar. The powders were annealed at 950 °C for 24 h in air. To study the
effect of annealing on peak broadening in Fe2WOs X-Ray powder patterns, several heat
treatments of Fe2;WOs were performed at 950°C for 24 h with intermediate grinding and XRD
recording. Samples of y-FeoWOQOgs phase were also prepared by a low-temperature polyol-
mediated route*?. The resulting powders were ground before undergoing two separate heat
treatments in air at 900 and 950°C. The powders obtained by solid state reaction or by polyol

route are hereafter referred to as ceramic and polyol samples.

11.4.2.2. Powder X-ray diffraction

The XRD pattern (XRDP) of the ceramic samples was recorded in air at room
temperature (RT) with a Bruker D8 A25 diffractometer using a Cu-Kal-Ka2 radiation (A =
1.54060, 1.54439 A) and a LynxEye detector in Bragg-Brentano geometry. XRD patterns of
the polyol samples were recorded in air at room temperature using a Bruker D8 Advance. Data
were collected in the Bragg—Brentano geometry using a Cu-Kal-Ka?2 radiation (A = 1.54060,
1.54439 A) and a Vantec detector. XRDPs of the polyol samples were also recorded in air at
room temperature (RT) in Bragg-Brentano geometry with a PANalytical X’Pert Pro
diffractometer using a Cu-Kal-Ko2 radiation (A = 1.540598, 1.5444260 A) and an X Celerator
detector. Le Bail and Rietveld analyses of the XRD data were performed using JANA2006%’
and the fundamental Cheary-Coelho approach for XRD profile parameters was applied in

refinement for each diffractometer.

11.4.3. Preliminary structural refinements

The Figure 11-18 shows the XRPD performed at room temperature of the ceramic sample
prepared at 950 °C and the polyol samples annealed at 900 or 950°C. All peaks can be indexed
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in the tri-a-PbO; structure-type cell (inset of Figure 11-18). At 950°C, the plots of the polyol
and ceramic samples show narrower and broader diffraction lines highlighted by black and
green hkl indices, respectively. It is interesting to note that the narrower diffraction lines have
hkl indices following the rule: hkl, k = 3n, with n being an integer. At 900°C, the plot of the
polyol sample shows a large bump located around 20-22° corresponding to the 20 positions of
the strongest and broadest reflections in the ceramic plot. We expect that at 900 and 950°C, the
structure of the sample is identical but the broad diffraction lines (for instance, 110, 021 and
040) in the 950°C plots are so broad that they appear as a large bump at 900°C and the least
intense broad diffraction lines in the 950°C plots (for instance, 111, 041, 150, 022 and 151) do
not appear in the 900°C plot.

002
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200

Intensity (arb. units)

Intensity (arb. units)

Figure 11-18. XRPD at room temperature of the ceramic sample synthesized at 950 °C (red) and the
polyol (black) samples annealed at 900 or 950°C. The inset shows the hkl indexation considering a =
4.576(2) A, b = 16.766(5) A, ¢ = 4.967(2) A cell in a Pbcn space group.

The structure of the ceramic sample was initially refined by the Rietveld method in the
Pbcn space group using the model of y-Fe;WOg° with Fe atoms in two 4c sites (0,y,0.25)
with y = 0.06, y = 0.72, W atoms in one 4c site (0,y,0.25) with y =~ 0.39 and O atoms in three
8d sites. The refinement yielded non-positive definite atomic displacement parameters (ADP)
for both Fe atoms and two O atoms. In addition, the use of anisotropic size or strain broadening

parameters to try to model the broadening of some reflections was not successful. This is related
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to the unusual equation governing the hkl indices. The broader diffraction lines are the cause of
the structural differences between the y-Fe;WOs sample reported by Senegas et al.*® and the
ceramic and polyol samples in the present study. It is interesting to note that ZnNb2Oe, with the
columbite structure (3as-pbo2, Da-Pbo2, Co-pbo2) Was initially refined in a 3D model** but was
recently solved in a 4D model.*® This encouraged us to solve and refine the structure of the
ceramic and polyol samples in a 4D model by applying the superspace formalism using
JANA2006 software.?’

11.4.4. Introduction to incommensurate structural refinement

Ina3+n D (n =1, 2 or 3) spaces, the reciprocal space vectors are usually expressed as
H = ha* + kb* + Ic* + mq (a*, b*, and c* are the basis vectors of the 3D reciprocal lattice).
The modulation vector can be expressed as g = a a* + f b* + y ¢*, where «, £, and y are rational

numbers for commensurate cases and irrational for incommensurate cases.

In the present study, the unit cell of y-Fe;WOsg (a = 4.576(2) A, b = 16.766(5) A, ¢ =
4.967(2) A), which corresponds to a cationically ordered a-PbO2 structure, is transformed into
a cell without cation ordering, by dividing the parameter b by a factor of three, which leads to
a~4.57 A, b=~558 Aand c~4.96 A. All observed XRPD reflections from the ceramic sample
fulfilled the reflection conditions for the 4D superspace group Pbcn(0p0)000. The main
reflections (hkim, m = 0) could be indexed on the basis of an orthorhombic unit cell (a = 4.57
A, b ~558 A and ¢ =~ 4.96) and the satellite reflections (hklm, m # 0) could be indexed on the
basis of an incommensurate modulation vector, g = 0.66872(17) b*, where b* is the reciprocal
lattice vector. The  component of the modulation vector is close, but significantly different
from the 2/3 (=~ 0.66667) rational ratio (difference > 12 o(B)). Therefore, the structure should a
priori be considered as incommensurate, an assumption later on confirmed by the refinements.
The structure of y-Fe2WOs is thus a (3+1)-dimensional incommensurately modulated structure.
In the 4D superspace formalism approach, an additional coordinate x4 can be expressed as x4 =
t + g-x, where x = (X1, X2, X3) is the coordinate of physical-space with respect to the lattice and
the parameter ¢ (0 <t < 1) is the distance between a point and physical space.
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11.4.5. Refinement of the incommensurately modulated Fe,WOg structure

Table 11-3. Crystallographic data, details of the data collection and structure refinement of Fe;WOs

Chemical formula Fe2.667W1.3330s
Modulation Incommensurate
Formula weight (g mol?) 522.01

Crystal system Orthorhombic
Super space group Pbcn(04 0)000
Temperature (K) 293

a (A) 4.57964(3)

b (A) 5.58662(4)
c(A) 4.96920(3)

V (A% 127.1355(14)
Modulation wave vector g =0.66872(17) b*
z 1

Dcalc (g Cm_s) 6.818
Radiation type Cu Ka

Wavelength (A) Kal, Ka2, | (Ka?2)/l (Kal)

1.5406, 1.54439, 0.5

Diffractometer

Bruker D8 A25

260 range (°), step scan (°), no. of data pts

10-100, 0.015, 6137

Profile function for main reflections

Pseudo-Voigt

No. of background parameters

12-term Legendre polynomials

No. of reflections (all/obs [I > 36(1)]) 201/184
No. of main reflections, m = 0 (all/obs) 68/63
No. of satellite reflections, m + 1 (all/obs) ~ 133/121
Number of refined parameters 49

Rp (%0) 7.92
WRp (%) 11.26
GoF (goodness of fit) 1.33

R, WR (%) (Robs/RaII)

3.81/4.17, 4.42/4.49

R, WR (%) (Rops/Rai) main reflections

2.55/2.79, 3.13/3.22

R, WR (%) (Rops/Ran) first-order satellites

5.94/6.45, 5.09/5.15

Apmax / Apmin (e A3)

2.09/-2.19

Volume fraction Fe;WOe/Fe,03

0.962(2)/0.037(2)

The results of the structural refinement are given in Table 11-3, and the details of the
refined parameters of the final refinement are given in Table 1I-4. Le Bail refinement of the
modulated Fe-WOs structure was performed in the Pbcn(0 £ 0)000 superspace group starting
with g = 2/3. The profile of main reflections was successfully described by a pseudo-Voigt
function. The Rietveld refinement starts from the ZnNb,Os model*®, which is close to that of
the a-PbO2 structure, containing the following three atoms. Fel and W1 occupy the same site
of multiplicity 4 (0,y,0.75) with y =~ 0.16 and OL1 is located in a site of multiplicity 8 (x,y,z) with
x~0.22,y~0.11, and z = 0.41. The parameters of Fel and W1 are restricted to have the same
coordinates, modulations and ADP. First, the atomic positions and ADP are refined. A crenel
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function, describing the discontinuous occupation of the same site by Fel and W1 atoms, is
then introduced in the refinement with xJ (Fel) = x? (W1) + 0.5 and 4 (Fel), 4 (W1), according
to the FexWOe composition, equal to 2/3 and 1/3, respectively. After refinement, the main
(hkim, m = 0) and the satellite reflections of order 1 (hklm, m + 1) are indexed. The refinement
was further improved by introducing a displacive modulation function for the Fel/W1 and O1
atoms and an anisotropic ADP for Fel/W1 site.

Table 11-4 Atomic coordinates and atomic displacement parameters (A?) obtained from the

superspace refinement of the incommensurately modulated Fe,WOs structure ((3+1)D group

Pben(0B 0)000, a = 4.57964(3) A, b = 5.58662(4) A, ¢ = 4.96920(3) A, V = 127.1355(14) A3,
q = 0.66872(17) b*).

Site

Atom multiplicity X y z Ueqg! / Uiso
Fel/W1 4 0 0.1677(2) 0.75 0.0206(3)"
01 8 0.2235(8) 0.1164(7) 0.4180(7) 0.0115(12)
Atom ull u22 U33 U1z uUl3 u23
Fel/W1  00157(5) 0.0243(5) 0.0217(5) 0 0.0020(10) 0

Parameters of the occupational wave using crenel function (x and A are the center and the width of the wave
along the x4 axis, respectively).

Atom x3 A
Fel 0.7594(8) 0.6667
W1 0.2594(8) 0.3333
Amplitudes of the displacive modulation function
Atom Xcosl ycosl zcosl xsinl ysinl zsinl
Fel/W1 0 0.0016(4) 0 0 -0.0044(5) 0
o1 -0.0336(17)  -0.0136(15) -0.001(3) -0.010(2) 0.010(3) 0.0144(15)

At this stage, the profile fitting of the satellite reflections is not satisfactory because the
refinement does not take into account their broadening. A method, based on a line-broadening
model, proposed by Leineweber & Petricek in 2007 designed for incommensurately
modulated structures and successfully used in similar cases*’*® was then applied. The
refinement of the values of the twelve S’num coefficients, describing the line-broadening in case
of orthorhombic symmetry, leads to three S’ham coefficient values, S’2002, S’2002 and S’oo22,
significantly higher than the other S’num coefficients, whose values are set to 0. The refinement
leads to a significant improvement in the reliability factors, and the broadening of the satellite
reflections is now correctly described (see the final Rietveld refinement plot displayed in Figure
[1-19). Refining the p-value, by adding a single refined parameter, led to significantly lower R-
values compared to those obtained with the commensurate model. A small amount of Fe.Os
phase (< 4 vol. %) is present in the ceramic sample. Refinement tests considering the formula

Fe3*, WSt O, with an equation linking A(Fel) and A(W1) surprisingly resulted in an Fe-rich
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composition, which is the opposite of what is targeted. This test composition was abandoned
and the stoichiometric composition Fe,WOgs was reapplied and considered as the final formula.
Figure 11-20a-f shows the occupational and positional modulations of Fel, W1 and O1 atoms
along the x4 axis. Table I1-5 gives the selected interatomic distances in the Fe;WOs ceramic
sample and Figure 11-21 represents the detailed distributions of the Fe—O and W-O distances.
The distances of the Fe-O and W-O bonds in the incommensurately modulated Fe;WOe

structure are in the range of standard values.
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Figure 11-19. Final Rietveld refinement plot of the XRD data at RT of the Fe;WOs ceramic sample
with Cu-Kal-Ka?2 radiation. The inset shows a portion of the pattern with indexation of the main and
satellite reflections. Long and short ticks correspond to Kol and Ko.2, respectively.
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Figure 11-20. De Wolff x1—Xa, Xo—X4 and Xs—Xa sections showing the occupational and positional
modulations of Fe, W and O in Fe;WOg ceramic sample as a function of the internal x, axis calculated
in the vicinity of the atomic position (x1 = X, X2 =Y, X3 = z). The central colored lines correspond to

the calculated atomic positions (orange—Fe; blue—W; red—O0).

Table 11-5. Selected interatomic distances (A) and bond valence sums (BVS) in the modulated
structure of Fe;WQOg ceramic sample.

Average Minimum Maximum
Fel-O1 2.012(11) 1.873(13) 2.084(13)
Fel-O1" 1.993(11) 1.839(13) 2.076(13)
Fel-O1 2.012(11) 1.873(13) 2.084(13)
Fel-O1Vv 1.993(11) 1.839(13) 2.076(13)
Fel-O1Y 2.131(12) 1.973(14) 2.224(14)
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Fe1-01v 2.131(12) 1.973(14) 2.224(14)
W1-01 1.876(10) 1.846(12) 1.953(12)
W1-01i 1.834(11) 1.803(13) 1.907(13)
W1-01ii 1.876(10) 1.846(12) 1.953(12)
W1-01V 1.834(11) 1.803(13) 1.907(13)
W1-01¥ 1.936(11) 1.906(13) 2.001(13)
W1-01Y 1.936(11) 1.906(13) 2.001(13)
BVS Fel 2.9016(15) 2.329(11) 3.965(11)
BVS W1 6.573(8) 5.781(11) 7.026(11)
BVS O1 2.0625(17) 1.669(11) 2.444(11)

Symmetry codes: (ii) —X1+1/2, —Xo+1/2, Xa+1/2, —Xa; (iii) —X1, X2, —X3+3/2, X4; (V) X1—1/2, =X2+1/2, —X3+1, —X4;
(V) —X1, —X2, =X3+1, =x4; (Vi) X1, —X2, X3+1/2, —Xa.
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Figure 11-21. Evolution of W—-O and Fe—O distances versus the internal parameter t of the Fe;WOg
ceramic sample.

11.4.5.1. Crystallite size of the ordered domains in Fe;WQOe samples

For the XRDP of the ceramic sample, we are in the special case where, first, the line
broadening occurs only for the satellite reflections, as the main reflections are narrow and,
second, only the first-order (i.e. m + 1) satellite reflections are present on the pattern.*-8
Therefore, variations in the g vector are mainly responsible for the broadening of the satellites
observed in the experiment.*® This result confirms the use of an incommensurate structural

model to solve and refine the XRD plot of the Fe,WOQOg ceramic powder.

The values of the refined parameters S’2002, S’2002 and S’oo22 could be related to the

anisotropic size of the ordered domains in the Fe;WOs samples.*® The effective crystallite size
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Dx along the three crystallographic directions could thus be calculated*® for the ceramic sample.
The same calculations were carried out for the polyol samples heated to 900 or 950°C after
performing similar Rietveld refinements. For those refinements, the S component of the
modulation vector is, as for the ceramic sample, significantly different from the 2/3 (~ 0.66667)
rational ratio (difference > 6 o(f) and 4 o(f) for 950°C and 900°C polyol samples,

respectively).

The results are summarized in Table 11-6. We observe that the f component deviates
more from the rational value 2/3 in the polyol samples compared to the ceramic and conclude
that the synthesis route has strong influence on this value. As expected, the effective crystallite
sizes are highest for the ceramic sample, ranging from 200 to 500 A, and lowest for the polyol
sample heated to 900°C, ranging from 16 to 45 A. The ceramic phase was then heat-treated at
950°C, with intermediate grinding and XRPD, for a total of 100 h. The results show a
continuous decrease in S’ values associated with a continuous increase in domain size. The
phase, ceramic or polyol annealed at 900 or 950°C, does not consist of one single domain but
is composed from small, differently oriented domains. The limited size of these domains leads
to a size-broadening of the satellite reflections. However, the main reflections are not
broadened, because the basic structure of the differently oriented domains diffracts coherently.
In later stages of annealing, the coarsening of the initially small ordered domains leads to a
narrowing of the satellite reflections and an increase in the size of the domains.

Table 11-6. Peak profile parameters S’"HKL? for line broadening of satellite reflections and effective

size Dx along the three crystallographic directions of Fe;WOs ceramic sample heated at 950°C and
polyol samples heated at 900 or 950°C. For each incommensurately modulated structure, the value of

ginq= gb*is given.

Ceramic 950°C Polyol 950°C Polyol 900°C

8 0.66872(17) 0.6705(6) 0.697(7)

$°2002 (°/A%) 13.34(9) 37.1(5) 3166(37)

$°0202 (°/A%)2 14.91(12) 31.7(5) 277(11)

$°0022 (°/A%)? 3.03(8) 16.8(3) 1586(21)
Dyja: , (A) ~ 251 ~ 151 ~16
Dy A) ~ 195 ~ 134 ~ 45
Dyyc: . (A) ~ 486 ~ 207 ~21

The Figure 11-22 shows the 3D structure of the Fe2;WOe ceramic sample as a function of
the internal t (0 <t < 1) parameter. When the parameter t varies from 0 to 1 values, the
occupational modulations change the nature of the cations in the MOg octahedra and these are
associated with the positional modulations that change the distances of the Fe-O and W-O

bonds. When the M-O bond distances increase, the cation type changes from W to Fe and when
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the M-O bond distances decrease, the cation type changes from Fe to W, in agreement with the
Shannon ionic radii.*® In general, the cell is composed of one W cation and three Fe cations and
there are few values of t for which two Fe atoms and two W atoms are present at the same time.
This leads, by adding cell compositions at each t, to the final formula Fe,WOs. The modulated
structure is significantly different from the reported y-FeaWOs in which Fe and W atoms are
ordered in zigzag chains of edge-sharing octahedra (Figure 11-17).1® This new structural
description may help to better understand the properties of future research dealing with this
material or similar compounds, especially with regards to the reported electrochemical

properties.

t=0.067 t=0.133 t=0.200 t=0.267

Figure 11-22. 3D structure of the Fe;WOs ceramic sample as a function of parameter t(orange: Fe;
blue: W; red: O).

11.4.5.2. Preliminary conclusions on Fe2WOs powder with incommensurate modulations

For the first time, we solved the powder structure of a promising material, Fe2WOe,
prepared by two different synthesis methods and annealed at 900 or 950 °C. The phases exhibit
an incommensurately modulated structure and crystallize in (3 + 1)-D Pbcn(0 0.66872(17)
0)000 superspace group. The variation of the g value of the modulation vector broadens the
satellite reflections compared to the main reflections, which remain narrow. This broadening is

related to the small size of the ordered domains.
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[1.5. Conclusions — Chapter Il

This chapter presents an electrochemical and crystallographic study for the
multicationic compound iron tungsten oxide in its form of Fe,WOs. As for the moment of
writing this manuscript, we report for the first time this low-temperature s (220 °C) synthesis
method for the synthesis of such an oxide. The amorphous as-synthesized powder recovered
was further annealed in air at different temperatures, showing the evolution of the crystallization
starting at 600 °C, leading to a well-crystallized material at 800 °C. Simultaneously, the specific
surface area decreased upon increasing the temperature. The electrochemical performance and
cycling stability of selected Fe2WOe powders were then investigated as negative electrode
materials in an electrochemical capacitor using a 5M LiNO3 aqueous electrolyte. We succeeded
in achieving the best performance for the sample annealed at 600 °C (FWO-600), which at the
same time exhibited the most prolonged cycling stability, not very studied for such oxide
materials. A specific and volumetric capacitance of 38 F.g! and 240 F.cm™3 were obtained
when cycled at 2 mV.s %, respectively, and a quasi-rectangular shape corresponding to a typical
pseudocapacitive signature was depicted, showing many similarities with the previously studied
FeWOs..

As FWO-600 presented such an exciting behavior at long-term stability (up to 10,000
cycles at 20 mV.s™?) study was performed for FWO-600 with only ~15% loss in capacitance.
TEM observations, Mossbauer spectroscopy, and magnetization measurements were further
used to correlate the fade in capacitance to microstructural or structural changes. All the
experiments demonstrated that the morphology, crystallographic structure, and magnetic
properties were not affected by the electrochemical cycling nor simple prolonged soaking in
the electrolyte. No partial dissolution at the surface of the particles nor Fe?* formation could be
detected, confirming thus the stability of the material. However, some slight corrosion of the
current collector at the interface with the electrode was noticed, which could be due to dissolved

oxygen in the aqueous electrolyte, hence explaining the capacitance fade after 10,000 cycles.

Therefore, FeaWQOs material represents another option of a multicationic oxide
exhibiting very interesting pseudocapacitive performance in density, volumetric capacitance,

and long-term cycling behavior.

On the other hand, the crystallographic study established a relationship between the

structure and synthesis methods having a strong influence on the incommensurate modulation
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vector g and, by extension, on the size of the ordered domains. This study provided a better
understanding of the crystal structure of A2BOe-type polycrystalline compounds, which may be
beneficial for future research to determine the structure-property relationship of analogous

compounds.

These results have brought new highlights about the mechanism ruling the stability of
multicationic oxides upon electrochemical cycling. Adjusting different parameters such as the
crystallinity, microstructure or specific surface area of the electrode material could lead to
optimized electrochemical properties of oxide materials used in agueous-based electrochemical

capacitors.

72



10.

11.

12.

13.

14.

15.

16.

Chapter Il

I1.6. References — Chapter 11

Trasatti, S. & Buzzanca, G. Ruthenium dioxide: A new interesting electrode material. Solid
state structure and electrochemical behaviour. J. Electroanal. Chem. Interf. Electrochem. 29,
A1-A5 (1971).

Lee, H. Y. & Goodenough, J. B. Supercapacitor Behavior with KCI Electrolyte. J. Solid State
Chem. 144, 220-223 (1999).

Toupin, M., Brousse, T. & Bélanger, D. Influence of Microstucture on the Charge Storage
Properties of Chemically Synthesized Manganese Dioxide. Chem. Mater. 14, 3946-3952
(2002).

Wu, N.-L. Nanocrystalline oxide supercapacitors. Mater. Chem. Phys. 6 (2002).

Crosnier, O. et al. Polycationic oxides as potential electrode materials for aqueous-based
electrochemical capacitors. Curr Opin Electrochem 9, 87-94 (2018).

Kuo, S.-L. & Wu, N.-L. Electrochemical Capacitor of MnFe204 with NaCl Electrolyte.
Electrochem. Solid-State Lett. 8, A495 (2005).

Abdollahifar, M. et al. High-performance carbon-coated ZnMn204 nanocrystallite
supercapacitors with tailored microstructures enabled by a novel solution combustion method.
J. Power Sources 378, 90-97 (2018).

Goubard-Bretesché, N., Crosnier, O., Payen, C., Favier, F. & Brousse, T. Nanocrystalline
FeWO4 as a pseudocapacitive electrode material for high volumetric energy density
supercapacitors operated in an aqueous electrolyte. Electrochem. commun. 57, 61-64 (2015).

Kuo, S.-L., Lee, J.-F. & Wu, N.-L. Study on Pseudocapacitance Mechanism of Aqueous
MnFe204 Supercapacitor. J. Electrochem. Soc. 154, A34 (2007).

Augustyn, V., Simon, P. & Dunn, B. Pseudocapacitive oxide materials for high-rate
electrochemical energy storage. Energy Environ. Sci. 7, 1597 (2014).

Simon, P., Brousse, T. & Favier, F. Supercapacitors Based on Carbon or Pseudocapacitive
Materials. (John Wiley & Sons, Inc., 2017). doi:10.1002/9781119007333.

Lannelongue, P. et al. Investigation of Ba0.5Sr0.5CoxFel-x03-5 as a pseudocapacitive
electrode material with high volumetric capacitance. Electrochim. Acta 271, 677-684 (2018).

Goubard-Bretesché, N., Crosnier, O., Buvat, G., Favier, F. & Brousse, T. Electrochemical study
of aqueous asymmetric FeWO 4 /MnO 2 supercapacitor. J. Power Sources 326, 695-701
(2016).

Goubard-Bretesché, N. et al. Unveiling Pseudocapacitive Charge Storage Behavior in FeWO4
Electrode Material by Operando X-Ray Absorption Spectroscopy. Small 16, 2002855 (2020).

Kendrick, E., Swiqtek, A. & Barker, J. Synthesis and characterisation of iron tungstate anode
materials. J. Power Sources 189, 611-615 (2009).

Rawal, S. B., Ojha, D. P., Sung, S. D. & Lee, W. |. Fe2WOG6/Ti02, an efficient visible-light
photocatalyst driven by hole-transport mechanism. Catal. Commun. 56, 55-59 (2014).

73



Chapter Il

17. Abdi, F. F., Chemseddine, A., Berglund, S. P. & van de Krol, R. Assessing the Suitability of
Iron Tungstate (Fe2WQO6) as a Photoelectrode Material for Water Oxidation. J. Phys. Chem. C.
121, 153-160 (2017).

18. Senegas, J. & Galy, J. L’oxyde double Fe2WO6. I. Structure cristalline et filiation structurale.
J. Solid State Chem. 10, 5-11 (1974).

19. Pinto, H., Melamud, M. & Shaked, H. Magnetic structure of Fe2WOS6, a neutron diffraction
study. Acta Crystallogr., Sect. A. 33, 663-667 (1977).

20. Walczak, J., Rychiowska-Himmel, I. & Tabero, P. Iron(lll) tungstate and its modifications. J.
Mater. Sci. 27, 3680-3684 (1992).

21.Fievet, F., Lagier, J. P., Blin, B., Beaudoin, B. & Figlarz, M. Homogeneous and heterogeneous
nucleations in the polyol process for the preparation of micron and submicron size metal
particles. Solid State lon. 32-33, 198-205 (1989).

22.Viau, G., Fiévet-Vincent, F. & Fiévet, F. Monodisperse iron-based particles: precipitation in
liquid polyols. J. Mater. Chem. 6, 1047-1053 (1996).

23.Trenque, 1., Mornet, S., Duguet, E. & Gaudon, M. New Insights into Crystallite Size and Cell
Parameters Correlation for ZnO Nanoparticles Obtained from Polyol-Mediated Synthesis.
Inorg. Chem. 52, 1281112817 (2013).

24.Dong, H., Chen, Y.-C. & Feldmann, C. Polyol synthesis of nanoparticles: status and options
regarding metals, oxides, chalcogenides, and non-metal elements. Green Chem. 17, 4107-4132
(2015).

25.Ungelenk, J., Speldrich, M., Dronskowski, R. & Feldmann, C. Polyol-mediated low-
temperature synthesis of crystalline tungstate nanoparticles MWO4 (M = Mn, Fe, Co, Ni, Cu,
Zn). Solid State Sci. 31, 62-69 (2014).

26.Guskos, N. et al. Magnetic and EPR Studies of a-, B-, and y-Fe2WO6 Phases at Low
Temperatures. J. Solid State Chem. 120, 216-222 (1995).

27.Petiicek, V., Dusek, M. & Palatinus, L. Crystallographic Computing System JANA2006:
General features. Z. Kristallogr. Krist. 229, 345-352 (2014).

28.Brousse, T. et al. Long-term cycling behavior of asymmetric activated carbon/MnQO2 aqueous
electrochemical supercapacitor. J. Power Sources 173, 633-641 (2007).

29. Gogotsi, Y. & Simon, P. True Performance Metrics in Electrochemical Energy Storage. Science
334, 917-918 (2011).

30. Brousse, T., Bélanger, D. & Long, J. W. To Be or Not To Be Pseudocapacitive? J. Electrochem.
Soc. 162, A5185-A5189 (2015).

31. Ghodbane, O., Ataherian, F., Wu, N.-L. & Favier, F. In situ crystallographic investigations of
charge storage mechanisms in MnO2-based electrochemical capacitors. Journal of Power
Sources 206, 454462 (2012).

32.Hsieh, Y.-C., Lee, K.-T., Lin, Y.-P., Wu, N.-L. & Donne, S. W. Investigation on capacity fading
of aqueous MnO2-nH20 electrochemical capacitor. J. Power Sources 177, 660-664 (2008).

33. Ataherian, F. & Wu, N.-L. Long-Term Charge/Discharge Cycling Stability of MnO2 Aqueous
Supercapacitor under Positive Polarization. J. Electrochem. Soc. 158, A422 (2011).

74



Chapter 11

34. Grosse, G. PC-Mos 11, Version 1.0 Manual and Program Documentation. (1993).

35. Tyczynski, P. et al. Performance of Maraging Steel Sleeves Produced by SLM with Subsequent
Age Hardening. Materials 13, 3408 (2020).

36. Birchall, T., Hallett, C., Vaillancourt, A. & Ruebenbauer, K. A study of iron-tungsten oxides
and iron—chromium—tungsten oxides. Can. J. Chem. 66, 698—702 (1988).

37.Parant, C. & Bernier, J. C. C R Acad Sc 276, 495497 (1973).

38. Caubergh, S. et al. Original Network of Zigzag Chains in the B Polymorph of Fe 2 WO &:
Crystal Structure and Magnetic Ordering. Inorg. Chem. 59, 9798-9806 (2020).

39. Guskos, N. et al. Electrical transport and EPR properties of the a, B, and y phases of Fe2WOG6.
Phys. Rev. B 60, 7687—7690 (1999).

40.Panja, S. N., Kumar, J., Harnagea, L., Nigam, A. K. & Nair, S. y -Fe2W06 - A
magnetodielectric with disordered magnetic and electronic ground states. J. Magn. Magn. 466,
354-358 (2018).

41.Pak, J.-J., Bahgat, M. & Paek, M.-K. Synthesis of nanocrystalline Fe-W composite through
hydrogen reduction of thermally synthesized iron tungstate, Fe2WOQOG6. J. Alloys Compd. 7
(2009).

42. Espinosa-Angeles, J. C. et al. Investigating the Cycling Stability of Fe2WO6 Pseudocapacitive
Electrode Materials. Nanomaterials 11, 1405 (2021).

43.Cheary, R. W. & Coelho, A. A. Axial Divergence in a Conventional X-ray Powder
Diffractometer. 1. Theoretical Foundations. J. Appl. Crystallogr. 31, 851-861 (1998).

44.Waburg, M. & Miiller-Buschbaum, Hk. ZnTa206, ein neuer Vertreter des tri-o-PbO2-Typs
(mit erganzenden Daten (iber ZnNb206). Z. Anorg. Allg. Chem. 508, 55-60 (1984).

45.Zhao, D. et al. Structure modulation, band structure, density of states and luminescent
properties of columbite-type ZnNb206. CrystEngComm 18, 2929-2936 (2016).

46. Leineweber, A. & Petricek, V. Microstrain-like diffraction-line broadening as exhibited by
incommensurate phases in powder diffraction patterns. J. Appl. Crystallogr. 40, 1027-1034
(2007).

47. Arakcheeva, A. et al. KSm(MoO(4))(2), an incommensurately modulated and partially
disordered scheelite-like structure. Acta Crystallogr., Sect. B. 64, 160—171 (2008).

48. Leineweber, A. Incommensurately modulated LT"-Nil+6Sn (6=0.60, 0.63): Rietveld
refinement, line-broadening analysis and structural relation with LT- and LT'-Nil+3Sn. J. Solid
State Chem. 182, 1846-1855 (2009).

49. Shannon, R. D. Revised effective ionic radii and systematic studies of interatomic distances in
halides and chalcogenides. Acta Crystallogr. A . 32, 751-767 (1976)

75






Chapter I11: Chapter IlI:
Electrochemical study of hexagonal
tungsten bronzes (HTB): Ax\WOs3 (A =
Li, Na, and K) as electrode materials for

fast energy storage devices

77






Chapter I11

I11.1. Introduction

In Chapter, I, tungsten oxide, WOs3, was introduced. The different polymorphs such as
the y-WOs3 phase or the hydrated layered compounds WO3z¢2H>O and WO3*H.O were
described. Nonetheless, little has been done regarding the hexagonal tungsten bronze phases.
Indeed, compared to the other polymorphs, only a few studies have been performed in the field
of energy storage systems, especially in devices operating with water-based electrolytes. Our
group, therefore, decided to investigate these materials and contribute to the understanding and

application of such specific phases.

In this chapter, an extensive study on the hexagonal tungsten bronzes (HTBs) with the

general formula Ax\WOs3 (0 < x < 0.33, and A=Li, Na or K) will be presented.

In section II, the HTBs will be introduced, describing their history and some of their
structural features. Moreover, the classic synthesis methods will be detailed to pave the way to
hydrothermal synthesis used in this work. The importance of the different salts and cations used
to obtain the proper phase will be highlighted in this part.

In section 111, the study will focus mainly on understanding the role of the cations inside
the crystal structure and how they will affect the growth and morphology of the particles. A
thorough crystallographic study will be presented to enlighten such interesting features among
these phases. In addition, thermal, chemical, and morphological characterizations will be
exhibited.

The fourth section will be focused on the electrochemical properties of these materials.
Different aqueous-based electrolytes will be used to understand how the nature of these
electrolytes plays a role in the electrochemical behavior of the phase. The cation in the
electrolyte, concentration, and pH will be evaluated and compared to shed some light on the
understanding of the charge storage mechanism.

Furthermore, in the fifth and last section, the study will be dedicated to the classic
organic-based electrolyte. An organic vs. aqueous-based electrolyte will be compared, the
differences between them and the preference for aqueous systems will be discussed.
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I11.2. Hexagonal tungsten bronzes (HTB)

I11.2.1. Introduction

The tungsten bronzes are a widely studied family of compounds with the general
formula AxXWOs, where A can be an alkali metal and x is between 0 and 0.33. The name bronze
comes from the synthesis first reported in 1824 when Wohler! passed a flow of dry hydrogen
over sodium tungstate while heating it. He observed the growth of yellow crystals with a

metallic aspect. These materials were named bronzes because of their brightness characteristic.

The study of the tungsten bronzes continued with Magnéli in the 1950s. He was
interested in defining the composition and crystal structure of the phases already reported?. At
that time, there were already some reports by Hagg® on alkaline tungsten bronzes with different
symmetries and compositions. These studies led to Magnéli’s famous publication in Nature in
1952%, where he described for the first time the six-membered rings of WOs octahedra
arrangement for the tungsten bronzes as shown in Figure 1l1-1. The general formula for such

compounds is MxWO3s with M=K, Rb, or Cs and an approximate content of x ~ 0.3.

Alkali

Figure I11-1. Structure of the hexagonal tungsten bronze showing the formation of the six-membered
ring WO octahedra.

This study has contributed to the further investigations of potassium, rubidium, and

cesium HTB phases obtained by reducing acid mixtures of tungsten trioxide and tungstates of
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the respective alkalis. The structure was elucidated using single-crystal Weissenberg
photographs confirming the general formula MxWOs3, with a theoretical upper limit of x of 1/3
and a lattice formed by layers consisting of WOe octahedra, containing the alkali atoms

distributed in the interstices between layers.

Building on the contributions of Magnéli et al.>, Dickens and Whittingham in the late
1960’s examined these materials adopting different symmetries.® They attributed three general

characteristics to describe tungsten bronzes:

1) if the value of x in MxWOs3 decreases, the symmetry of the structure will decrease.
2) the final structure will depend considerably on the ionic radius of M, and
3) all the bronze structures are based on WOe octahedra linked together by sharing

their corners.

They all agreed that the WOj structure is a distorted version of that of ReOs’ (see Figure
[11-2). In the case of NaxWO3z, when the value of x is between 0.3 and 0.95, it should crystallize
in a cubic structure. If sodium content decreases, then the lattice symmetry will also decrease
from cubic to tetragonal (I and 11, the nomenclature for the tetragonal phases is that of Hagg
and Magnéli)® until the distorted monoclinic phase of WOs is observed. On the other hand, if
the alkali content is < (.05, an orthorhombic structure is formed. This relationship between the
different phases can be better observed in Figure 111-3.
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Figure 111-2. ReOs structure.
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Figure 111-3. Relationship between the phases: cubic, tetragonal I1, and orthorhombic.®

Such a relationship involves the amount of alkali within the bronze structure and the
role of the synthesis, primarily temperature, as stated by Ribnik, Post, and Banks.® Later, the
discussion resumed with the assumption that the size of the cavities available in each HTB
phase will tend to host different types of cations. The radii of the sites available for occupation
are in cubic, 0.96 A, tetragonal 1, 0.96 A and 1.29 A, hexagonal, 1.63 A. Thus, the smaller
cations such as Li* (0.60 A) and Na* (0.95 A) will form cubic structures, while in the case of
K* (1.33 A), Rb* (1.48 A), and Cs* (1.69 A), will form hexagonal bronzes. Thereby, a new
relationship concerning the amount of alkali-metal was presented as in Figure 111-4.%8 Indeed,
this previous approach was not entirely accurate and will be modified as, as discussed later in

the chapter.

10l Ui Na K Rb;Cs |

0.8 1

0.4+
0.2 1

0.0 1

Cubic Tetr. | Tetr. Il Hexagonal

Figure 111-4. Relationship between crystal structure and composition for the alkali tungsten
bronzes.®®
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The studies of tungsten phases led to the notice that other families of bronzes can be
formed. Similar compounds of molybdenum,®*° vanadium,*! niobium,*? and titanium*?*® have
been prepared, showing structural properties comparable to those found with tungsten. The term
“bronze” can therefore be applied more generally to compounds with the formula M’x M”’yO,
where M’ is a transition metal, M’’yO; is its highest binary oxide, M’ an alkali or other metal,
and x can take a value from 0 to 1. Conventional approaches for the synthesis of these

compounds will be described below.

[11.2.2. Classic synthesis methods

A) Vapor phase reaction: this process is appropriate when the metal used is volatile at
high temperature and can be easily manipulated at room temperatures. In this case,
the crystals of the bronze are deposited on a cold finger projecting into the reaction

container. An example is that reported by Sienko for the synthesis of TI\WO3.2

XTl(g) + W03 @9 = Tle03(S) Eq -1

B) Electrolytic reduction: in this procedure, molten mixtures of tungstate and tungstic
oxide are mixed with platinum or tungsten electrodes. Then the crystals grow at the
cathode while oxygen is released at the anode. A disadvantage of this technique is
the adjustment of the right experimental conditions. This technique has been used

not only for tungsten bronzes but for molybdenum bronzes as well.®

C) Solid-state reaction: this is a classical synthesis route and the most versatile
procedure. Reactant powders are finely ground and heated in vacuum to react at

different temperatures.® 1519

3—2x X
W03+ =W — Na, W05 (at 850°C) Eq. 111-2

X
—Na, WO
a; 4+ 3 6

2
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[11.2.3. A new alternative for tungsten oxide preparation: the hydrothermal

synthesis

Over the years, there has been considerable interest in WOs3, especially the metastable
hexagonal phase. As stated before, the most common route to obtain this compound was high
temperature in vacuum or another inert/reducing atmosphere. However, with the development
of soft chemistry or “Chimie douce”,?*?! new strategies for synthesizing hybrid and
nanomaterials were designed.?>?> This includes the studies on topochemical reactions,
intercalation chemistry, ion-exchange reactions, use of fluxes, sol-gel synthesis, and
hydrothermal synthesis.?® The latter is characterized for inducing a chemical reaction in a closed
media where the precursors will react with the solvent (water) at a specific temperature that is

higher than the boiling temperature of the corresponding solvent used.?”~%

Hydrothermal synthesis was first developed for the crystal growth of functional
materials and expanded its applications to synthesize new metastable inorganic and hybrid
materials.®2® To produce these phases, it is necessary to consider chemical and
thermodynamical features such as the physicochemical properties of the solvent. They can
control the concentration of chemical species and change the kinetics of the reaction. Moreover,
they can change the coordination of the solvated species leading to unique structures. The
solubility of the reactants and the pH of the solution can impact the composition, the
stabilization of specific phases, and a possible effect on the morphology and particle size of the
desired materials.

Additionally, temperature and pressure will play an important role. Temperature can
influence the kinetics, solubility, and stability of the reactants. With pressure, thermal stability
can be enlarged, enhancing chemical reactivity and reaction kinetics and producing denser

structures.3°

With the development of this technology, it has been possible to synthesize a new
tungsten trioxide hydrated, WO3+1/3H,0, reported for the first time by Gerand et al.>**® They
used a gel of tungstic acid prepared by the sodium tungstate and hydrochloric acid mixture,
placed in a hydrothermal autoclave for 20 h at 120 °C. They claimed that dehydration of this
compound led to the formation of pure hexagonal WO3 (h-WOQ3). Further in this chapter,
whether or not pure, pristine h-WQOz3 can be obtained without the need for alkali cations or water

molecules within the lattice will be addressed.
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A few years later, Whittingham et al.® studied the sodium tungstate phases. They used
the hydrothermal synthesis already mentioned, analyzing the influence of pH from 1.5 to 4.5.
All their syntheses were performed at 155 °C for 3 days of reaction. They reported that when
the pH is kept between 3.5 and 4.5, the synthesis leads to a cubic pyrochlore-type lattice
compared to the hexagonal phase obtained only when the pH is below 2.5. This study showed
how pH could impact the arrangement of the same group of atoms, changing the crystal
structure and the morphology of the final particles. They also suggested for the first time the
possibility of having water inside the crystal structure. A few years later, this hypothesis was
confirmed when they performed a powder neutron diffraction experiment and Rietveld
analysis.3" The refinement showed, for the general formula NaxWOsz.x2¢yH20, that the oxygen
or water atoms are located in the hexagonal cavities, between the layers of the hexagonal rings.
On the other hand, sodium atoms can be found at the center of the hexagonal window, in the

middle of the hexagonal rings (see Figure I11-5).

' Water or oxygen

O Sodium
O Oxygen

Figure 111-5. Hexagonal tungsten bronze showing sodium atom located in the hexagonal window
surrounded by six oxygen atoms and water molecules located in the cavity between the two layers.3"*

As aforementioned, hexagonal tungsten bronzes (HTB) continue to fascinate the
scientific community because of their structural properties and the different synthetic
approaches that can be used to obtain such phases.®** Thus, in the next section, the

experimental procedures followed to synthesize HTBs will be described.

85



Chapter I11

I11.2.4. Synthesis of hexagonal tungsten bronzes A\WO;3; (A= Li, Na and K)

The synthesis followed to produce the HTBs of Li, Na, and K is based on several reports
from different authors. They discussed various parameters and conditions that will affect the
outcome of the HTB phases. They considered the precursor for tungsten, the pH and the type
of acid used, the media, and the type and amount of salt added. Moreover, temperature and time
of reaction will also influence the growth of the proper phase, which will impact the
morphology of the particles and the crystal structure.***> The description of the synthesis is

presented below.

a) 15t step b) 2"d step
WO, - Tungsten oxide sol precursor Hydrothermal synthesis
35 mmol Na,W0QO,*2H,0 mixed in water ~ 20 mL of the yellow solution
H,SO, concentrated (stirring) + Li,S0,, Na,S0O,, K,SO,

) 4 ) 4

Yellow precipitated

.' y A -
Washing-off ‘
‘ Autoclave for 24 h
Mix with a 250 mL 0.5 M at 180°C
oxalic acid solution ‘

— =

—_— h = c
K:?
- & .

Figure 111-6. Synthesis of the hexagonal tungsten bronzes by hydrothermal route.

The synthesis of the HTB is divided into two steps. First, 35 mmol of sodium tungstate
hydrate (Na;WO4+2H,0) (Sigma Aldrich) is mixed with ~150 mL of deionized water. Then,
~15 mL of concentrated H2SO4 (Alfa Aesar) is added dropwise under stirring until a uniform
yellow precipitated is formed. This mixture is left under stirring overnight to ensure all the

precipitation of the WOz sol. After 24 h, the sol is washed off with more deionized water to
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remove all the extra acidic solution. Once the supernatant is no longer acidic, we can stop the
washing, and the sol can be mixed with a solution of 0.5 M oxalic acid (see Figure 1l1-6a)
Secondly, the Teflon-lined vessel is placed ~20 mL of the yellow solution with oxalic acid.
Then, 2 g of lithium sulfate monohydrate (Alfa Aesar) Li»SOs¢H20, 3 g of sodium sulfate
Na>SOs (Sigma Aldrich), or 1 g of potassium sulfate K>SO (Sigma Aldrich) are added
depending on the final phase of HTB to be prepared. The vessels are sealed and placed in their
respective autoclaves and then transported to an oven where they are left for 24 h at 180 °C,

where the hydrothermal reaction occurs (see Figure 111-6b).

To compare the formation of the HTB with other WO3 phases, an extra “blank™ sample
was synthesized. Before adding the respective salt, only ~20 mL of the yellow WO3 sol was

placed in an autoclave for the hydrothermal reaction.

After the reaction is completed and the autoclaves are cooled, a blueish precipitate is
obtained, indicating the achievement of the desired HTB phase, which did not occur for the
blank sample that gave a yellow powder. Then, the mixtures are washed off with deionized

water several times to remove additional side products and then left to dry ~60-80 °C in air.

[11.3. Structural and physicochemical characterizations of hexagonal

tungsten bronzes

111.3.1. Introduction

As aforementioned, hexagonal tungsten bronzes are formed by a rigid tungsten-oxygen
framework built up of layers containing corner-shared WOs octahedra arranged in six-
membered rings. The layers are stacked along the [00I] direction, resulting in one-dimensional
tunnels, as shown in Figure Il1-7. The preparation of hexagonal tungsten bronzes in alkali
metals leads to the formation of compounds that show structural differences. These are, for
example, a different order of the atoms occupying the tunnels, the presence or absence of water
molecules, and the formation of regular or distorted tungsten octahedra.

First, a discussion about the prepared blank sample will be presented to verify that the
cation involved in the synthesis does affect the structure of the final compound. This blank will
be compared to the y-WO3 of a commercial brand (Alfa Aesar).
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Afterwards, the chemical analysis of the HTBs will be presented, with emphasis on the
determination of the water content. The latter will be used to provide helpful information for
structural refinement of X-ray diffraction patterns and to elucidate the crystal structure of each

material.

ow
90

b

p—

Figure I11-7. Structure of hexagonal tungsten bronze WOs.

Before refinement, a small review of the structural parameters of WO3z with similar
compositions reported in the literature will be presented. This study will help to compare or to
refute some of those parameters. Then, the results of the structural refinement for HTBs with

Li*, Na*, and K* will be presented, and the structures will be described.
111.3.2. y-WOs3: Cations are important

In section 111.2, the synthesis of the HTBs was described. The synthesis of a “blank”
sample was also mentioned. Such a blank sample consisted of taking only the yellow solution
and transferring it to the autoclave for the hydrothermal synthesis to occur without adding salt.
Without cations for the reaction to occur, the outcome should be a traditional y-WO3 phase with
a distorted ReOgs structure. Figure 111-8 shows the X-ray diffraction patterns for the “blank”
sample as-synthesized and the commercial y-WOs (Alfa Aesar) comparison. Both correspond
to JCDPS 01-072-1465% in the database. The blank sample shows extra reflections that can
explain the differences in particle morphology, as observed in Figure I11-8a and b for the as-

synthesized sample, and Figure 111-8c and d, for the commercial sample. The main differences
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between the particles are in their size and morphology. An advantage of the hydrothermal
synthesis, even in the absence of cations, is the slightly smaller and better-defined particles than

the commercial compound.

—-WO,
—— WO, - blank

Intensity (a.u)

20 30 40 50 60 70
20 (%)
BN
WO;-blank € WO;-blank

Figure 111-8. X-ray diffraction pattern, crystal structure and SEM imaged for both y-WO3: blank and
reference sample.

These adopted structures will influence their electrochemical behavior, as observed in
Figure 111-9. Both WOs3 blank as-synthesized and commercial y-WO3 show poor performance

when cycling in aqueous 5 M LiNOszat 2 mV.s?, with 6 and 5 C.g%, respectively.

This first result encouraged us to propose two hypotheses: 1) the salt and, more
importantly, the cations used in the synthesis impact the growth and formation of the desired
phase. And 2) the hexagonal tungsten bronze structure will exhibit improved electrochemical

performance due to the arrangement of its hexagonal windows and hexagonal cavities. Thus, it
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allows faster intercalation of cations from the water-based electrolyte. The studies and results

carried out to investigate these hypotheses are presented in the following section.

20 ——— —————————————
{ 5M LiNO, ]
10+ .

-104 i

=204 i

I/mAg?

-30 - i
-40 1 —— WO, -blank T

-50 1-WO,
12mvs?

'60 T T T T T T T T T T T T T
-0.6 -0.5 -0.4 -0.3 -0.2 -0.1 0.0

E /V vs Ag/AgCI

Figure 111-9. Cyclic voltammogram at 2 mV.s-1 of the WO3 blank and commercial y-WO3 in aqueous
5 M LiNO3.

111.3.3. Chemical and thermal analysis of HTB

111.3.3.1. Chemical compositions of HTB

EDX analysis was performed to determine the chemical composition for the HTBs of
Na and K in a Scanning Electron Microscopy using a Merlin SEM from Carl Zeiss with an X-
Max detector 50 mm2 by Oxford Instruments NanoAnalysis. These results revealed that Na
HTB and K HTB contain about 0.28 and 0.33 moles of sodium and potassium, respectively.
According to previous reports, this number of cations inside the HTBs was expected, where x
is found to be 0 < x < 0.33. For the Li compound, EDX analysis did not detect the presence of
lithium due to its low atomic number. However, chemical analysis carried out by inductively
coupled plasma optical emission spectrometry (ICP-OES), using a Thermo Scientific iCAP
6300 emission spectrometer for analyzing major elements, was able to determine the Li content.
Using this technique, we confirmed the presence of Li in this compound with about 0.16 moles

per W atom. Compared to the Na and K phases, this smaller amount is expected due to the size
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of Li, being much smaller than the other cations. For this reason, it is more difficult to be held
within the lattice of the HTBs.

In summary, through these techniques, the identification and the amount of the cation
inside the structures of the HTBs were determined.

111.3.3.2. Thermal analysis of HTB

Thermogravimetric analyses (TGA) were performed in a thermal analyzer NETZSCH
STA 449 F3. The analyses were carried out under air for the three bronze materials, Li, Na, and

K. A mass loss ~ 3 to 4% from the beginning of the experiment to about 350°C was determined
for the Li and Na HTBs (see Figure 111-10).

S
0
(70
S 94 4
0
(%]
s
92 -
— Li WO,
901 — Na,WO0, |
1 5k/min 3 3 ~ KWO; ]
88 ; ; a a
0 100 200 300 400 500

Temperature / °C

Figure 111-10. TGA analyses of hexagonal tungsten bronzes.

It is interesting to note that the beginning of the mass loss for the Li and Na compounds
is around 100°C while for the K HTB, mass loss begins at room temperature. Therefore, it is
likely that some of the mass loss observed for the K compound is water adsorbed only on the
surface. The total mass loss after 350°C was estimated to be about ~3.0% for Li and Na HTBs,
and 4.0% for K compound. These mass losses result in ~0.4, ~0.44, and ~0.55 of moles of H.0O
released after 350 °C, as indicated in Table I11-1.
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Table 111-1. TGA mass loss and number of H,O molecules.

HTB % Total mass ~H0
loss moles
Lix\WOs3 ~3.0 ~0.4
Nao2sWO3 ~3.5 ~0.5
Ko.33WOs3 ~4.0 ~0.5

Additionally, Figure I11-11 compares the HTBs vs. the hydrated WOz phase reported by

Augustyn’s group.*’ In the case of the hydrated phase, the loss of water at particular stages is

evident. Whereas in the case of the HTBs, the water is gradually lost until achieving a step after

350 °C. In conclusion, through the TGA study, the presence of water molecules in the HTBs

was confirmed. Moreover, this information will be helpful for the structural refinement

presented next.
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Figure 111-11. TGAs for a) HTBs study reported in this thesis and b) TGA for a hydrated WO3 phase

reported by Augustyn et.al.*’.

[11.3.4. Structure of the Hexagonal Tungsten Bronzes

111.3.4.1. A brief review of the compounds listed in the ICSD database

In the database, two WQO3 compounds that crystallize in hexagonal symmetry can be

found (see Table 111-2). It is interesting to note that, in the 1979 study, the authors solved the

structure in an average cell (V =

179.84 A®).3* Transmission electron microscopy analysis of
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WO:s particles showed additional diffraction spots imposing a doubling of the c-parameter. The
1992 study presented a model crystallizing in a cell with a doubled c-parameter in the P63/mcm
space group corresponding to the "large” cell of the 1979 study.*® Note also that there is no

hydrated WO3 compound in the database crystallizing in a hexagonal symmetry.

Table 111-2. WO5; compounds crystalizing in the hexagonal symmetry.

Compound  Space group Cell parameters Reference
a=7.298(2) A, c=3.899(2) A
WO Pe/mmm V = 179.84 A? 34
a=7.3244(6) A, c = 7.6628(5) A
WOs3 P63/mcm V = 356.01 A3 48

For the Li compound, there is no lithium-containing tungsten bronze with a hexagonal
structure in the database. There is only one tungsten bronze crystallizing in the P6/mmm space
group containing sodium in the ICSD database for Na compounds. This compound is hydrated:;
its formula is Nag 17WOsz.085¢(H20)0.17, and its structure was determined by neutron diffraction®”.
The cell parameters are a = 7.331(1) A, ¢ =3.891(6) A and V = 181.10 A3. The authors mention
that the chemical analysis of the compound gives the composition Nao 24W0O3.120.5H20. The
difference in water content between refinement and chemical analysis is due to the water
adsorbed on the surface. Table I11-3 gives the Wyckoff positions as well and the atomic
coordinates of the atoms contained in the cell.

Table 111-3. Atomic coordinates in Nag17WO3 ggs*(H20)0.17 compound.®’
Wyck.

X y z SOF
pos.

W 3f 0.5 0 0 1

o1 39 0.5 0 0.5 1

02 6l 0.2120(3) 2% 0 1
03 2e 0 0 0.415(6) 0.382
H 120 0.065(4) 2% 0.302(6) 0.085
Na la 0 0 0 0.51

The atoms W, O1, and O2 form the rigid framework composed of WOs octahedra
arranged in six-membered rings giving the formula WO3 (see Figure 111-7). The O3 and Na
atoms are disordered along the c-axis with partial occupancy characterized by the Site
Occupation Factor (SOF). Some hydrogen atoms are bonded to O3 atoms to form water
molecules.

For the potassium phase, there are several tungsten bronzes with hexagonal structures
in the database (Table I11-4). They all crystallize in hexagonal symmetry with a doubled ¢

parameter compared to the cell of Nao.17WOs3085¢(H20)0.17. It should be noted that, among the
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compounds listed, two propose the space groups P63 and P6322. However, the diffractograms
of the potassium tungsten bronze reported in this thesis show the presence of a c-glide plane
and consequently, only the structural model of the publications whose compounds adopt the
space group P63/mcm is taken into consideration for structure resolution.

The structural models differ from each other in the occupied sites and the filling of these

sites. Table I11-5 summarizes the occupied sites and SOFs for the atoms contained in the cell of
the four compounds 1-4 listed in Table 111-4.

Table 111-4. K,WO; compounds crystalizing in the hexagonal symmetry.
Compound N° Space group Cell parameters Reference
a=7.389(1) A,
Ko2sW>"* O3 - P63 c=7.508(2) A 49
V =355.00 A3
a=7.3867(3) A,
KoaW>™ O3 - P6322 c=7.5199(3) A 50
V =355.34 A3
a=7.3835(3) A,
Ko_133W5'8+03 1 P6s/mcm c= 75007(4) A 51
V =354.13 A3
a=7.3110(35) A,
Ko.333Wo.044°7 O3 2 P6s/mcm c= 7.64943(31) A 52
V =354.09 A
a=7.380(9) A,
K 0.17sW># O3 3 P6s/mcm c=7.492(7) A 53
V =353.38 A®
a=7.3742(5) A,
Ko.33W>$"* O3 4 P63s/mcm c=7.5169(5) A 54
V =354.00 A

The W, 01, and O2 atoms form the rigid WO3 framework (see Figure 111-7). Whatever
the study considered, the tungsten atoms occupy the same 6g site with a total occupation for the
syntheses carried out under reducing conditions (compounds 1, 3, and 4) or partial occupation,
in the case of the syntheses, carried out under oxidizing conditions (compound 2). Moreover,
the oxidation state of tungsten varies between 5.67 and 6" depending on the experimental
conditions used. Concerning the O1 oxygen atoms, the studies suggest either a total occupation
of the 6f site or a half occupation of the 12k site. All the studies propose the same model for the
02 oxygen atoms which occupy the 12j site. Finally, for the potassium atoms, the studies

diverge: some suggest a total or partial occupation of the 2b site or a partial occupation of the
4e site.
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Contrary to the sodium compound, there are no oxygen atoms along the c axis, and only
potassium atoms occupy this axis. In addition, the tungsten atoms are slightly off-center in the
WOs octahedra, characterized by an x-coordinate slightly different from 0.5. Finally, the WOs
octahedra are more distorted than those found in the Na compound due to a y-coordinate of O2

atoms slightly different from twice the value of x (y ~ 2x).

The solution of the powder structures of the Li, Na, and K hexagonal tungsten bronzes

will be presented and discussed next, considering all reports mentioned above.

Table I11-5. Summary of atomic coordinates in K,WO3; compounds adopting P6s/mcm space group.

Wyck. pos. X y z SOF Compound
wW 69 X ~0.47 0 1/4 1 1,34
69 x~0.49 0 1/4 0.944 2
o1 6f 0.5 0 0 1 3,4
12k X ~0.47 0 z~0.01 0.5 1,2
02 12j x~0.20 y (~ 2x) 1/4 1 1,2,3,4
K 2b 0 0 0 1 4
2b 0 0 0 ~0.55 1,3
4e 0 0 z~0.04 0.5 2

111.3.4.2. Refinement analyses of the structures of Li, Naand K HTB

The XRD patterns (XRDP) of the HTB synthesized were recorded in air at room
temperature (RT) with a Bruker D8 Advance diffractometer using a Cu-Kal radiation (A =
1.54060 A) and a LynxEye detector in Bragg-Brentano geometry. The structures of the Li, Na,
and K hexagonal tungsten bronzes were refined using the JANA2006 program.®®

111.3.4.2.1. Lio.167WO3.083*(H20)0.25

The lithium tungsten bronze compound crystallizes in the same space group P6/mmm
as WO3** with cell parameters a = 7.3335(3) A, ¢ = 3.86285(17) A (see Figure 111-12). The cell
volume 179.913(12) A% is close to the cell volume of WO3, V = 179.84(14) AS.

The structural refinement of the Li HTB from the X-ray powder pattern started with the
structural model of WO3 containing the following three atoms: W in 3f (0.5,0,0), O1 in 3g
(0.5,0,0.5), and 02 in 61 (x,2x,0) with x ~ 0.21. After refinement of atomic positions and atomic
displacement parameters (ADP), Fourier difference maps (see Figure 111-13) indicated a large
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electron density (charge = 4.97) in the 2e (0,0,z) site with z ~ 0.30 (position named “max1”).
An atom occupying max1 is too close to another atom occupying max1 (dmax1-max1 = 1.51
A); the maximum occupancy of max1 is then 0.5. The 2e site occupied by oxygen atoms (= 03)
is introduced in the refinement with half-occupancy. As the ADP of O3 resulted negative, this
one is fixed at 0.01, and the site occupation factor of O3 is fixed at its maximum, i.e., 0.5. The
TGA analysis showed a mass loss of about 3% of the compound from room temperature to
350°C, corresponding to about 0.3 moles of H20. Note that the Fourier difference maps did not
allow locating the hydrogen atoms. We assume that some of the previously introduced O3
atoms contribute to the water in the structure. In addition, the ICP-OES chemical analysis
confirmed 0.16 moles of Li in the compound. Fourier difference maps indicated some electron
density located at the 2d Wyckoff position (1/3,2/3,1/2) with M-O distances about 2 A. Thus,
the 2d site occupied by Li atoms is introduced into the refinement with an occupancy of 1/4 and

an ADP set at 0.01. Finally, the ADP of W atoms is switched to anisotropy.
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Figure 111-12. Rietveld refinement of Lio.167WOs3.083(H20)0.25.

The structural refinement of the Li HTB from the X-ray powder pattern started with the
structural model of WO3 containing the following three atoms: W in 3f (0.5,0,0), O1 in 3g
(0.5,0,0.5), and 02 in 61 (x,2x,0) with x ~ 0.21. After refinement of atomic positions and atomic
displacement parameters (ADP), Fourier difference maps (see Figure I11-13) indicated a large

electron density (charge = 4.97) in the 2e (0,0,z) site with z ~ 0.30 (position named “max1”).
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An atom occupying max1 is too close to another atom occupying max1 (dmax1-maxl = 1.51
A); the maximum occupancy of max1 is then 0.5. The 2e site occupied by oxygen atoms (= 03)
is introduced in the refinement with half-occupancy. As the ADP of O3 resulted negative, this
one is fixed at 0.01, and the site occupation factor of O3 is fixed at its maximum, i.e., 0.5. The
TGA analysis showed a mass loss of about 3% of the compound from room temperature to
350°C, corresponding to about 0.3 moles of H>O. Note that the Fourier difference maps did not
allow locating the hydrogen atoms. We assume that some of the previously introduced O3
atoms contribute to the water in the structure. In addition, the ICP-OES chemical analysis
confirmed 0.16 moles of Li in the compound. Fourier difference maps indicated some electron
density located at the 2d Wyckoff position (1/3,2/3,1/2) with M-O distances about 2 A. Thus,
the 2d site occupied by Li atoms is introduced into the refinement with an occupancy of 1/4 and

an ADP set at 0.01. Finally, the ADP of W atoms is switched to anisotropy.

Figure 111-13. Electronic density at 2e (0,0,z) with z ~ 0.30 (max1) obtained after refining the WO3
model and Fourier differences calculation.

The formula obtained is Lio.167WO3.333 or Lio.167WO3.083(H20)0.25, taking into account the
water molecules in the structure. As with the Na analog,®’not all the O3 oxygen atoms in the
hexagonal cavity are water molecules. To balance the lithium charge, approximately 0.083
oxygen ions must be present. The final atomic coordinates and ADPs are given in Table 111-6.
Figure 111-12 shows the observed and calculated diffractograms and their difference and
indicates the final reliability factors obtained. Note that a preferred orientation along the [001]

direction was introduced during the refinement due to the elongated shape of the rod-shaped
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particles obtained after synthesis and an anisotropic size broadening treated by spherical
harmonics of order 4° were introduced during the refinement. Moreover, considering the
fundamental parameters of the powder X-Ray diffractometer, the crystallite size and lattice

strain were obtained, being 54.2(8) nm and 0.379(8), respectively.

Table I11-6. Atomic coordinates of Lio167WO3333 compound with a = 7.3335(3) A, ¢ = 3.86285(17) A,
V = 179.913(12) A%, SG P6/mmm.

Atom  Wyck. pos. X y z SOF  Ueg* / Uiso (A2
w1 3f 0.5 0 0 1 0.0287(10)*
o1 3g 0.5 0 0.5 1 0.018(5)
02 6l 0.1975(6)  0.3950(11) 0 1 0.020(4)
03 2e 0 0 0.323(8) 0.5 0.01
Lil 2d 0.3333 0.6667 0.5 0.25 0.01

The structure of the lithium hexagonal tungsten bronze can be described by layers of
corner-shared WOs octahedra arranged in six-membered rings giving rise to one-dimensional

tunnels along the c axis, as shown in Figure I11-14.

Figure 111-14. Structure of Lio.167WO3333 compound.

The small tunnels formed by WOe octahedra arranged in the three-membered ring are
25% filled with lithium atoms (see Figure I11-14 and Figure I11-15a). The O3 atoms are in the
hexagonal cavity and disordered along the ¢ axis (see Figure 111-15c). The lithium atoms occupy
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polyhedra with Li-O distances ranging from 2.117 to 2.590 A (Figure 111-15a). To explain this
unusual Li environment, the assumption that the Li site is split into two sites along the ¢ axis
was made. This leads to two positions, occupied at 1/8, whose environment is a distorted
octahedron (see Figure I11-15b). Due to the small amount of Li atoms, such split sites could not
be detected by Fourier difference maps. Comparable distorted LiOs octahedra are observed in
other compounds (LisWOs,>" LiINbWOs®). In this case, the Li-W distances would be shorter
(d(Li-W) = 2.621 A versus 2.866 A in the un-split Li site model). However, similar short
distances are encountered in some Li-W-O compounds (d(Li-W) = 2.494 A as in LisW,07).%°

Figure 111-15. a) Li-O distances in the un-split Li site model and b) in the split Li site model, and c)
03 atoms in the hexagonal cavity along the c-axis and O-O distances (Distances in Angstroms).

111.3.4.2.2. Nao.276WO3.139¢(H20)0.083.

The X-ray diffraction pattern for the Na HTB indicates that it crystallizes in the P6/mmm
space group with cell parameters of a = 7.32401(13) A, ¢ = 3.90018(8) A, and a cell volume of
V =181.181(6) A3, as shown in Figure 111-16.

The refinement started with the structural model of WO3 with the following three sites:
W in 3f (0.5,0,0), O1 in 3g (0.5,0,0.5) and O2 in 6l (x,2x,0) with x ~ 0.21. EDX analysis
indicated 0.28 moles of Na in this compound. Therefore, it is necessary to introduce it in the
refinement as well as the oxygen atoms which come to compensate the charge of the sodium
atoms and also those brought by the water molecules. After refinement of the atomic positions

and ADPs, the Fourier difference maps (Figure 111-17) indicate two peaks with high electron
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density in 1b (0,0,0.5) (charge 5.57, position named max1) and 2e (0,0,z) with z ~ 0.19 (charge

5.08, position named max2).

Rexp:3.89% WwWRp:9.22% Rp:7.00% GOF:1.78
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Figure 111-16. Rietveld refinement of Nag 278WO3.139*(H20)0.083.

An atom occupying max1 is 1.22 A away from an atom occupying the max2 site, which
IS too short a distance for both sites to be occupied simultaneously. Therefore, the maximum
occupancies of max1 and max2 are 0.5. Max1 has a higher electron density than max2; it is
assumed that max1 is occupied by Na atoms, and max2 is occupied by O atoms. Then, both
max1 (= Nal) and max2 (= O3) are introduced in the refinement with half occupancy. After
refinement, the ADP of Nal is positive, and that of O3 is negative. At this stage, the formula of

the compound is Nag.167W O3 33s.

As mentioned above, the literature has reported Nao.17WO3 ss*(H20)0.17,” with Na and
O atoms found disordered along the c axis. It is somewhat possible to consider a mixed Na/O
site if Na-O, O-0O and Na-Na distances are acceptable. Thus, some Na atoms (= Na2) are placed
in the same site as O3 atoms with identical atomic coordinates and ADPs (Table 111-7). After
refinement, all ADPs are positive, and the formula obtained is Nao 27s*WO3222. By introducing
a mixed Na/O site, the number of Na moles is thus very close to that determined by EDX

analysis.
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Figure 111-17. Electronic density at 1b (0,0,0.5) (max1) and 2e (0,0,z) with z ~ 0.19 (max2) obtained
after refining the WO3; model and performing Fourier differences calculation.

As for the Li compound, the hydrogen atoms could not be located by Fourier difference

calculations. However, if the charge of some O3 atoms compensates for the charge of Na atoms,

the remaining oxygen atoms are used to form water molecules. In that case, the formula of the

compound is Nao.278WO3.139¢(H20)0.083. The TGA analysis showed a mass loss of about 4%

between room temperature and 350°C, corresponding to about 0.5 moles of H20. Also, as for

the compound reported in the literature, there is a discrepancy between chemical analysis and

refinement that probably comes from water adsorbed at the surface, thus explaining the higher

water content determined by TGA than by Rietveld refinement.

Table 111-7. Atomic coordinates of Nao27sWOs.22 compound with a = 7.32401(13) A, ¢ = 3.90018(8)

A, Vv =181.181(6) A3, SG P6/mmm.

Atom  Wyck. pos. X y z SOF Ueg* / Uiso (A?)
w1 3f 0.5 0 0 1 0.0345(7)*
o1 39 05 0 05 1 0.027(4)
02 6l 0.2114(4)  0.4228(8) 0 1 0.014(3)
Nal 1b 0 0 0.5 0.5 0.016(8)
03 2e 0 0 0.1868 0.333 0.037(9)
Na2 2e 0 0 0.1868 0.167 0.037(9)
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Finally, after introducing a preferred orientation along the [001] direction due to the
elongated shape of the rod-like particles obtained after synthesis and an anisotropic strain
broadening treated by Stephens mode® in the refinement, the final reliability factors are given
in Figure 111-16. The crystallite size and lattice strain determined by performing a refinement
considering the fundamental parameters of the powder diffractometer are 102(2) nm and
0.296(4), respectively.

The structure of the Na HTB can be described by layers of corner-shared WQOe octahedra
arranged in six-membered rings giving rise to one-dimensional tunnels along the c axis, as
shown in Figure I11-18a. The W-O distances in WO octahedra range from 1.895(8) to
1.95009(8) A (Figure 111-18b).

The structure differs from that published in 1992,3” which proposed a model with Na
occupying site 1a (0,0,0) and O3 occupying site 2e (0,0,z) with z =0.41. The sodium atoms are
in the transition-metal plane, in the hexagonal window surrounded by a ring of six oxygen
atoms and water molecules are in the hexagonal cavity (Figure 111-19a). In contrast to the
literature data, for the present compound, the sodium atoms are located in the center of the
hexagonal cavity of anions between the layers of the transition-metal atoms. The O3/Na2 mixed
sites are in the hexagonal cavity and disordered along the c axis (Figure 111-19b). Considering
the site occupancy, the Na-O and O-O distances range from 2.443 to 3.316 A and 2.443 t0 2.779
A, respectively. The Nal-Na2 d

istance is about 2.679 A. All these distances are acceptable and exist in other

compounds.

Figure 111-18. a) Structure of Nao 278WOs3.222 compound and b) WOs octahedra with W-O (distances in
Angstroms).
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M /NaZu O3/Na2

Figure 111-19. Atom positions along the c-axis of hexagonal tungsten bronze in the structure of a)
Nao.17WOs3085(H20)0.17 according to literature data and b) Nao 27sWO 3222 according to the present
results. Atom positions at the top of the cell, without considering the site occupancy and at the bottom,
proposition of atom positions considering the site occupancy (Distances in Angstroms).

111.3.4.2.3. Ko.33WOs3

The X-ray diffraction pattern for the K HTB indicated that it crystallizes in the space
group P6s/mem with cell parameters a = 7.3169(8) A, ¢ = 7.6198(10) A, and a cell volume of
V = 353.28(7) A%, as shown in Figure 111-20.

The refinement began from the WO3 structural model of the Ko.179WO3 and Ko.33WOs3
compounds (3 and 4 in Table 111-4) with the following three sites: W in 6g (x,0,1/4) with x ~
0.5, O1 in 6f (1/2,0,0) and O2 in 12j (x,y,1/4) with x ~ 0.2, y ~ 0.4. EDX analysis confirmed
the presence of about 0.33 moles of K in the compound. After refinement of atomic positions
and ADPs, Fourier difference maps indicate a peak with the highest electron density in 4e
(0,0,2z) with z ~ 0.12 (charge 1.70) corresponding to K atoms.

The K atoms that simultaneously occupy the 4e site are at a distance of 1.34 A from
each other, which is too close. The maximum occupancy of K atoms is therefore 0.5. The K
atoms are then introduced in the refinement in the 4e site with half occupancy. The SOF
refinement of the K atoms leads to an increase in the SOF and, for this reason, the SOF was set
to 0.5. Moreover, TGA analysis indicated a mass loss. However, the shape of the curve
suggested the water was probably adsorbed on the surface and not present structurally.
Therefore, the formula obtained is Ko.33WO3, and the oxidation state of W is 5.67".
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Figure 111-20. Rietveld refinement of Ko 33WOs.

The final reliability factors are given in Figure 111-20. The atomic coordinates and ADPs

of all atoms are provided in Table 111-8. In contrast to Li and Na compounds, no preferred

orientation was introduced during the refinement. An anisotropic size broadening, treated by

spherical harmonics of order 2, was considered in the refinement. The crystallite size and

lattice strain determined by performing a refinement taking into account the fundamental

parameters of the powder diffractometer are 18.2(3) nm and 0.62(3), respectively.

Table 111-8. Atomic coordinates of Ko33 WO3 compound with a = 7.3169(8) A, ¢ = 7.6198(10) A,

V = 353.28(7) A%, SG P63/mcm.

Atom  Wyck. pos. X y z SOF Uiso (A2
W1 69 0.505(2) 0 1/4 1 0.0522(12)
o1 6f 12 0 0 1 0.016(7)
02 12j 0.210(12) 0.3997(18) 1/4 1 0.015(7)
K1 4e 0 0 0.088(2) 0.5 0.089(9)

The final structure is similar to that of Ko.179WO3 and Ko.33WO3 compounds (3 and 4 in

Table I11-4) except that the K atoms occupy half of the 4e site instead of the 2b site (0,0,0).

Similar to the Li and Na HTBs, the potassium structure can be described by layers of corner-

shared WOs octahedra arranged in six-membered rings giving rise to one-dimensional tunnels

along the c axis (Figure 111-21a).
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In contrast to the Li and Na compounds, the ¢ parameter is doubled, and the K atoms
are located in the hexagonal cavity and disordered along the c axis (see Figure 111-21b). The
WOs octahedra are slightly more distorted than those of Li and Na HTBs, with W-O distances
ranging from 1.84(7) to 2.03(7) A (Figure 111-22). Another difference between Li and Na
compounds is the oxidation state of tungsten. The absence of oxygen in the hexagonal cavity
implies that the formal oxidation state of tungsten is below 6*.

Figure 111-21. a) Structure of Ko 33 WO3 compound and b) K atoms in the hexagonal cavity along the
c-axis (K-K distances in Angstroms).

Figure 111-22. WOs octahedra with W-O (distances in Angstroms).
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111.3.4.2.4. Preliminary conclusions on the structural refinement

As mentioned previously, the Rietveld refinement for Li HTB considers the results
obtained from the ICP-OES experiment, revealing the presence of Li in the structure. The final
formula with water determined from the TGA is Lio.167WO3.083(H20)0.25. In addition, a new
model of atomic arrangement along the c axis is proposed for Na HTB, whose resulting formula
IS Nao.278W0O3.139(H20)0.083. This model, different from the previously published one, is
consistent in terms of Na-Na, Na-O, and O-O distances and shows good agreement with the Na
amount determined by EDX analysis. In contrast to the Li and Na HTBs, the Ko33WO3
compound exhibits a doubled ¢ parameter and more distorted WQe octahedra structure.
Nonetheless, the structure is similar to the Ko.33WOs3 reported by Lee et al.>*, except that the K

atoms occupy a less symmetric site (4e) with a z coordinate that can be refined.

The most important difference between these three synthesized phases is the deviation
of the Li and Na compounds from the normal stoichiometry of the MxWQ3 tungsten bronze,
which results from the presence of oxygen in the hexagonal cavity. Unlike the “classical”
tungsten bronzes, which are reduced compounds like the K compound, the Li and Na phases

are fully oxidized, the formal oxidation state of tungsten being its highest valence, i.e., VI*.

[11.3.5. Morphology and surface characterization

The morphology and shape of the HTB synthesized were characterized by Scanning
Electron Microscopy using a Merlin SEM from Carl Zeiss and Transmission Electron
Microscopy with a ThermoFisher S/TEM Themis G3 at 300 kV point to point resolution: 0.18
nm. The specific surface area of the powders was determined using the BET method (Brunauer-
Emmett-Teller) from the 77 K nitrogen adsorption curves with a Quantachrome Nova 4200e

equipment.

111.3.5.1. Growth mechanism and morphology

The hydrothermal route followed for the successful synthesis of Li, Na, and K HTBs

was described in section I11.2.4. This synthesis begins with the precipitation of the WO3 yellow
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sol using a variation of the tungstic acids method proposed by Freedman®. The mixing of the
sol with oxalic acid ensures a soft, reducing environment. Afterwards, hydrothermal synthesis
takes place. The addition of sulfate salts serves to obtain the desired compound. Moreover, the
insertion of cations inside the structure serves to direct and control the shape of the particles, as
already seen in the literature.*** Figure 111-23 illustrates how the formation mechanism of the
rod/wire morphology occurs.

WOj; yellow Li*
precipitate Na*
Stage 1 K*

G ey () ey || (-

Hydrothermal g 4
synthesis

begins Stage 2 Primary nanowire
like particles 1 pm
Stage 3 J WO
a
Nanowire XT3

Nanorod particle
assembled in a P

nanorod morphology
Stage 4

Figure 111-23. General growth mechanism for the hexagonal tungsten bronzes.

The three cations Li*, Na*, and K* together with SO4> will promote the growth in the
[001] direction. However, the larger the cation is, the longer and thinner the particles will be.
This shape is observed in the SEM pictures shown in Figure 111-24. Li HTB particles are defined
by the third stage in the growth mechanism scheme (see Figure 111-23). The primary nanowire
or nanorod shape is present, but the growth does not go far. They stack on top of each other

with spikes and agglomerate, as shown in Figure 111-24a, b, and c.

Lio.167WO3 083*(H20)0.25

Figure 111-24. SEM images for Li HTB.
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When Na* is present, the growth mechanism advances to stage four, where the primary
nanowire-like particles are assembled in a larger nanorod shape-like particle. This effect is seen
in Figure 111-25a, b, and c, the shape of the Na HTB is better defined, and the surface seems

smoother than for Li HBT. The bundle formed by the nanorods is less likely to be agglomerated

together.

Figure 111-25. SEM images for Na HTB.

On the other hand, for K HTB, the mechanism is the same as for Na. However, in this
case, the primary nanowire particles do not stack on top of each other as much. They keep
growing thinner along the c direction. This growth makes the particles more easily agglomerate

than Na and Li HTBs, as displayed in Figure 111-26a, b, and c.

Figure 111-26. SEM images for K HTB.

Figure 111-27 shows the TEM images obtained. They illustrate more clearly what has
been aforementioned. It shows the assembly of the primary wire particles into a more extensive
nanorod-like morphology for the cases of Li and Na HTB (Figure 111-27a, b, d, and e). As
mentioned earlier, in the case of K HTB, the nanowire-like particles are much thinner and
smaller in diameter (Figure I11-27g and h). In the zoom-in (Figure 111-27c, f, and h), the growth
along the c direction can be confirmed as we observed the ab plane from above. Moreover, the
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inset shows the corresponding indexed electron diffraction patterns for each HTB.
Unfortunately, the alignment of the nanorods along the tunnels [001] was not possible.

Lip 167WO3.083°(H20)0.25
& |

10 1/nm

K0.33wo3

10 1/nm  Zone Axis [100

Figure 111-27. TEM images for the HTB. a), b), and c¢) showing the Li compound, d), ), and f)
the Na compound and g) h) and i) the K compound.

111.3.5.2. Surface area

The BET specific surface area in m? gt (SSA) was measured according to N2 adsorption
for the three HTBs. It is observed that potassium HTB has the highest SSA, probably due to the
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longer and thinner nanowires that form the bronze compound. Since the particles are mainly
elongated, they may have a more exposed surface area, as shown by the BET (Table 111-9). On
the other hand, for the cases of Li and Na HTB, the nanorod shape looks pretty similar, being
more uniform and smoother for the Na bronze. Despite these differences, the SSA does not

seem to change much, as shown in Table 111-9.

Table 111-9. BET specific surface area for the hexagonal tungsten bronzes.

Hexagonal tungsten bronze BET Speczl;l]cz E_Li;’face Area
Lio.167WO3.083*(H20)0.25 ~12
Nao.278WO3.139*(H20)0.083 ~12
Ko.33WO3 ~55

[11.3.6. Preliminary conclusions on structural and morphological study of Li, Na
and K HTBs

This section presents the structural and physicochemical characterization of the
hexagonal tungsten bronzes of Li, Na, and K. We have shown that the synthesis directly impacts
the structural arrangement of the HTBs. In addition, we have confirmed the presence of

structural water for Li and Na compounds but not for K HTB.

The growth of the particles in nanorods/nanowires type morphology is explained by the
size of the cation involved in the synthesis. The larger the cation, i.e., K*, the thinner the wires
will be. On the other hand, the smaller the cation, i.e., Li*, the broader and sharper the rods are.
In the case of Na, the particles acquired a much higher uniformity, as shown by SEM and TEM
images. Nonetheless, Li and Na HTB present the same SSA in comparison with K HTB.

In conclusion, the structural arrangement, the morphology of the particles, and the SSA
could impact the electrochemical behavior of the hexagonal tungsten bronzes. The following

section provides an in-depth discussion on this topic
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I11.4. Electrochemical study on hexagonal tungsten bronzes Ax\WO;

111.4.1. Introduction

The reversible intercalation of alkali metals in tungsten oxides involves a charge transfer
mechanism. This property was reported in the study of WQOs thin films by Green et al.®?%2 They
passed a small amount of current through a colorless WO3 cathode resulting in the formation

of a deep blue color resulting from the formation of a tungsten bronze phase.%?

The chemical intercalation of alkali metal into different polymorphs of tungsten oxides
was studied by Cheng et al.5% They stated a maximum uptake of 0.26 moles of Na per W and
0.3 moles of K per W in the hexagonal WOz phase reacting sodium and potassium
benzophenones in tetrahydrofuran, respectively. These are the final formulas: Na0 26WO3 and
Ko.26WOs3. On the other hand, lithium uptake gave a maximum content of Li».oWOs compared
to the monoclinic phase with the uptake of Lio.s7WWO3 when mixing the tungsten oxide with n-

butyl lithium in hexane.

WO, .y (H:0)

orthorhombic

a) , . b) %
2 b
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Figure 111-28. a) Cyclic voltammogram for WO3 electrode in 1 M LiClO,4 in PC. And b) Structural
relationship of WO3 polymorphs.®

The electrochemical intercalation of alkali cations was later investigated by Kumagai et
al.®% They studied the hexagonal WOs phase obtained after the heat treatment of the
orthorhombic hydrated phase at 350 °C (Figure I111-28b). They studied the reversible

electrochemical intercalation of Li* with LiClO4 in propylene-carbonate (PC) electrolyte (see
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Eq. 111-3) accommodating 1.9 Li" in the lattice of h-WQs. The cyclic voltammogram showing
faradaic response due to the Li intercalation is depicted in Figure 111-28a.

h—WO0;+ xLi* + xe~ & Li,WO0; Eqg. 11-3

A few years later, Augustyn’s group investigated the hydrated monoclinic phase of
WOs* (see Figure 111-29a, and b). They studied the transition from a battery-like to a
pseudocapacitive behavior observed in the electrochemical response in 0.5M H2SO4 electrolyte
(Figure 111-29c¢, and d). They reported a much higher increase in capacity in the hydrated phase
at higher rates than the non-hydrated phase. Such a reported behavior was attributed to the fast

and reversible intercalation of protons coming from the aqueous electrolyte.

b
_ 0.6+ c) WO, 2H,0 —~ 4] d) WO,
E 0.44 S 3]
L 0.2 L 5]
Q J Q
8 021 g o]
Q Q
\ 8 -0.4 1 § 1
l S 0.61 3 2]
T -0.81 — Carbon Background|  § -3 — Carbon Background
™ -
< 1.0 — 1 mV/s < 4] — 1 mV/s
‘ 12 — 50 mV/s 5 — 50 mV/s
WO;2H,0 350°C WO, " 04 02 00 02 04 04 02 00 02 04
Potential vs. Ag/AgCI (V) Potential vs. Ag/AgCl (V)

Figure 111-29. Crystallographic structures of (a) monoclinic WO3z2H>0 and (b) monoclinic y-WOs.
And Cyclic voltammograms at 1 and 50 mV s *in 0.5 M HzSO, of ¢) WO3+2H>0 and d) y-WO3.*’

The studies mentioned above performed in the different polymorphs of tungsten oxide
encouraged the present work. In the past sections, a full investigation of the structure of the
HTBs was presented, demonstrating a particular structural arrangement differing from the ones
reported in the literature. In this way, a thorough investigation of the electrochemical behavior
of the hexagonal tungsten bronzes in aqueous and organic electrolytes will be presented in the

following sections.
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111.4.2. Electrode preparation and electrochemical set-up

The HTB materials are assembled as composite electrodes’™ and pressed-in stainless
steel grids as described in Chapter II, Section 11.1.3.1. The active material is mixed with
conductive carbon (Carbon Black by Superior Graphite, >99%) to improve electronic
conductivity and as the binder, to ensure the mechanical strength of the electrode,
Polytetrafluoroethylene (PTFE Sigma Aldrich) in the respective weight ratios of 60/30/10. The

mass loading of the prepared electrodes varied from ~5 to ~10 mg.cm™2, "

Reference Electrode
Ag/AgCl

Counter | Composite HTB
Electrode Pt electrode

NE-¥ ¥,
//‘? | 77~
Nl 2

N
T

Electrochemical cell

Figure 111-30. Electrochemical cell showing the three-electrode setup.

The electrochemical performance for all the samples was carried out by cyclic
voltammetry with a VMP3 galvanostat—potentiostat (from Biologic run under ECLab software).
The experiments are conducted using a three-electrode electrochemical setup with Ag/AgCl
(3M NacCl) as the reference electrode and a platinum grid as the counter electrode (see Figure
111-30). The HTBs will be tested in different neutral and acidic aqueous electrolytes to study
their stability and performance depending on the nature, pH, and concentration of the
electrolyte. All the experiments were performed in a [-0.6 V; 0 V] vs. Ag/AgCI potential
window and [-0.3 V; 0.3 V] vs. Ag/AgCI for lower pH tests.
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111.4.3. Electrochemical study of HTB in aqueous 5M LiNO3

111.4.3.1. Li Hexagonal Tungsten Bronze

In section 111.3.2, an initial electrochemical study for the y-WQO3 phase was presented,
both blank and commercial reference. A weak electrochemical activity was observed with
poorly reversible faradaic behavior when the electrode is cycled at 2 mV.s™ from -0.6 V to 0.0
V vs. Ag/AgCl in 5M LiNOs. Moreover, no reports have been presented in the literature under

such cycling conditions for tungsten bronzes.
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Figure 111-31. Cyclic voltammogram of Li HTB at 2 mV.s™ in 5M LiNOs.

In Figure 111-31, the CV of the Li HTB is presented. The shape of the CV is a clear
representation of a faradaic-like behavior. As the sweep moves to a more negative potential, a
faradaic peak upon reduction at -0.43 V vs. Ag/AgCl is observed. Then, as the sweep moves
back, a peak upon oxidation at -0.32 V vs. Ag/AgCI appears. Furthermore, a quasi-rectangular
shape can be noticed when the sweep moves from reduction to oxidation through a small region
in the CV.

Both peaks are most likely related to a Li* intercalation mechanism coming out from
the aqueous LiINOgz electrolyte and into the structure of the material. The slight quasi-

rectangular shape described must involve two surface mechanisms: a contribution of
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pseudocapacitive-like behavior caused by fast redox reactions happening at the surface and the
second contribution of purely electrostatic charges being adsorbed at the same surface.

Such an observed behavior expanded the exciting features of these compounds. The
HTBs have already been studied because of their appealing electrochromic and electrochemical
properties. However, all of them are being investigated only in organic media. In the CV
presented in Figure 111-31, at a sweep rate of 2 mV.s a maximum specific capacity of ~71 C.g"
! is achieved; this corresponds to a charge/discharge rate of 10 min., which is a much faster
phenomenon compared to the charge/discharge rates previously reported for the related

compounds.®’

Considering the total theoretical capacity extracted when 1 e is being transferred is
about 404 C.g%, as shown in Eq. 111-3. Therefore, the number of Li intercalated corresponding
to the capacity extracted for Lio.167WOQ3.333 (Li HTB) at 2 mV.st is ~0.175, see Eq. 11-4.

The Li HTB could accommodate more Li* inside than the one reported here, as previous
studies have shown with a "similar" hexagonal structure. “®%7®However, to maintain the
structure's stability, a maximum of 0.33 cations can be intercalated. On the other hand, the water
occupying the 2d site, in the hexagonal cavity between two layers of hexagonal rings, might be
a vital feature responsible for how the intercalation of Li+ takes place. Moreover, the Li+
solvation shell may be another essential feature to consider, whether Li* cations are completely
desolvated or if water molecules accompany them.

Figure 111-32a shows the CVs corresponding to the evolution of the scan rate from
2mV.s1to 100 mV.st. The CVs show the faradaic response fading when reaching higher sweep
rates. At 20 mV.s! a broader anodic peak is still visible, but it is no longer observed, and the
CV shows a more resistive shape. Such a behavior can be explained kinetically, meaning that
the cations in the electrolyte do not have enough time to be inserted or absorbed at the surface
of the material. At higher rates, a surface capacitive (non-limited by diffusion) process takes
over. Moreover, whenever the scan rate goes even higher, the shape of the CV gets even more
resistive, showing the total loss of the interesting intercalation feature depicted for Li HTB.
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Figure 111-32. (a) Cyclic voltammograms of the respective scan rates and (b) evolution of the capacity

in C.g™ vs. the scan rate.

Additionally, Figure 111-32b shows the evolution of the capacity vs. the scan rate. Li

HTB reaches above 40 C.g at 20 mV.s™, translated to a charge/discharge rate of only 1 min.

These preliminary results shed light on the possibility of applying such materials for fast energy

storage devices in aqueous systems.
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Figure 111-33. (a) Specific capacity in C.g™ and efficiency vs. cycle number. And (b) Cyclic
voltammograms at 20 mV.s*showing the cycle 1 and cycle 1000.

Figure 111-33a shows the stability of the Li HTB at 20 mV.s™ over 1000 cycles. During

the first couple of hundred cycles, there is a slight drop in the capacity that remains very stable

even after 500 cycles. As aforementioned, at 20 mV.s™ it is still possible to appreciate a specific

faradaic response in the material. Figure I111-33b shows the CVs of cycle 1 vs. cycle 1000, where
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the slight capacity loss is observed, although the shape remains unchanged, being slightly

resistive with the broad anodic peak still present.

Taking into consideration a capacity of ~40 C.g* extracted at 20 mV.s?, then a 0.1 &
are being exchanged, as seen in Eg. 111-5. Even though 1000 cycles do not seem like long
cycling, this preliminary result gives an insight into the electrochemical stability of this bronze

phase in a neutral aqueous medium.

Lig167W0s3333 + 0.1Li* + 0.1e” © Lig6/W03333 Eq. 1115

111.4.3.2. Na Hexagonal Tungsten Bronze

In section 111.3, the structure and morphology of the HTBs were described. It was
mentioned that Li and Na HTBs present a similar structure, both with structural water inside
the lattice occupying the sites available between the hexagonal rings’ layers (or hexagonal
cavities). Nonetheless, with slightly different morphology and with different cations
arrangement. Figure 111-34 shows the CV at 2 mV.s* for the Na HTB. It exhibits a similar
faradaic response as in the case of Li HTB. Such behavior is due to Li* cations begin

intercalated into the available sites of the nanorods.

I/mAg?

T T T T T T T
-06 -05 -04 -03 -02 -01 0.0
E /V vs Ag/AgCI

Figure 111-34. Cyclic voltammogram of Na HTB at 2 mV.s™ in 5 M LiNOs.

The CV shows a cathodic peak at ~-0.47 V and an anodic peak at ~ -0.36 V vs. Ag/AgCI.

These redox peaks support the hypothesis that Li* cations coming out from the electrolyte

117



Chapter 111

interact with the host material. Moreover, as observed in Li HTB, a quasi-rectangular shape can
be noticed through a small region of the CV when the sweep moves from -0.6 V to higher
potential values. Because of these many resemblances to the Li bronzes, in this case, for the Na
HTB, we should expect both contributions for the charge storage, a pseudocapacitive behavior,

plus an intercalation mechanism.

The total theoretical capacity for Na HTB is about 399 C.g™%, for one electron exchanged.
The capacity obtained at 2 mV.s? is about 63 C.g*, which corresponds to 0.158 e being
transferred, see Eq. 111-6.

Figure 111-35a, and b show the CVs at different scan rates and the evolution of specific
capacity vs. scan rate. The capacity reached at 2 mV.s is slightly lower than for the case of Li
HTB. The CVs in the Figure 111-35a exhibit a very similar behavior as the Li bronze. After 20
mV.s? the CV becomes more resistive, even though it still shows a broader peak in the

oxidation sweep.

T T T T T T T T T T T T T T T T T T T T
45001 (a) Na - HTB 1 704 (b) Na-HTB 1
3000 - { 604 i
] @)
1500 4 504 i
(=} 1 'S
< 0 4 3 40- -
S ! . ]
- —2mVs O
— -1500 A ——5mvs?! 1 2 304 7
] 10 mv st G
3000 —o20mvst 4 & 204 i
] ——50mVvs?t n
4500 - ——100mV s* 10 4 i
1 5M LiNO, -0.6 - 0.0 v vs Ag/AgCl —@—5MLINO; {
6000 +—F——F——F——F——F—TF— 01 T T T T T T T T T T
-06 -05 -04 -03 -02 -01 0.0 0 20 40 60 80 100
E /V vs Ag/AgCI Scan rate / mV st

Figure 111-35. (a) Evolution of the capacity in C.g™ vs. the scan rate and (b) Cyclic voltammograms of
the respective scan rates.

In Figure 111-36, the stability of up to 1000 cycles for the Na HTB is presented. Figure
I11-36a shows that a minor increment in the capacity is observed around the first hundreds of
cycles. This effect might be causes by 1) the impregnation of the electrolyte in the composite

electrode, as already seen in previous experiments in our lab, and 2) some reorganization of the
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cations making room for more Li* to be inserted into the structure. Considering a capacity of
~40 C.glextracted at 20 mV.s?, then a 0.1 e” are being exchanged, as seen in Eq. 111-7.

Na0_278W03_139 + 0.1 Ll+ + 0.1 e_ A LiollNa0.278W03.139 Eq. I“'?
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Figure 111-36. (a) Cyclic voltammograms at 20 mV.sshowing the cycle 1 and cycle 1000, and (b)
Specific capacity in C.g™* and efficiency vs. cycle number.

111.4.3.3. K Hexagonal Tungsten Bronze

The K HTB presented an entirely different behavior to the one already observed for Li
and Na HTBs. Two significant disparities exhibited in the K HTB structure are the double of
the ¢ parameter and the more distorted tungsten octahedra in the crystal structure. A priori,
according to the thermal analysis and the structural refinement, no structural water between the
hexagonal ring layers can be detected, and only K atoms can be located in that position. Other
differences are the longer and thinner nanowire-like particles agglomerated into a bundle of
bigger particles with higher SSA and the lower crystallite size. All of these differences could
explain such a distinct electrochemical response.

Figure 111-37 displays the CV at 2 mV.s™ for the K HTB in 5M LiNOs. It is very quickly
appreciated that the CV's shape does not resemble those shown in the previous Li and Na HTBs.
The potassium compound presents a resistive quasi-rectangular shape CV with a lack of
faradaic response (no redox peaks). Such a behavior could be comparable to materials
exhibiting a purely electric double layer (EDL) mechanism, i.e., activated carbons with

significant SSA or materials with a pseudocapacitive response, as discussed in chapter II.

119



Chapter 111

T T T T T T T T T T
2004 K -HTB 5 M LINO; T
100 A -

F"cn

< 0 - -

S
-100 E
-200 .
—2mVs

T T T T T T T T T T T T T
-06 -05 -04 -03 -02 -01 0.0
E /V vs Ag/AgCI

Figure 111-37. Cyclic voltammogram of K HTB at 2 mV.s™ in 5M LiNO;,

The total theoretical capacity for K HTB is about 394 C.g™, for one electron exchanged.
The capacity obtained at 2 mV.sis about 29.5 C.g%, which corresponds to only 0.075 e being
transferred (see Eq. 111-8).

Ko33W05 + 0.075 Li*t + 0.075 e~ © Ligg75Kp333W 05 Eq. 111-8

Like Li and Na HTBs, a similar electrochemical response caused by the Li" intercalation
was expected. However, this was not the case. The agglomerated nanowires could affect the
way cations are being adsorbed at the surface, hence refusing the viability for Li* to go into the
structure. K cations and the absence of structural water may also prevent the Li* pathway
towards the host material, bringing a fascinating discussion concerning the structural and
morphological features of K HTB being reflected directly in its electrochemical performance.

Figure 111-38a and b show the CVs at different scan rates and the capacity vs. scan rate
evolution, respectively. All of them maintained the quasi-rectangular shape at higher rates
without showing any faradaic response. It is observed, as s for the previous HTBs, that the
resistivity increase as the scan rate increases. At 20 mV.s, the capacity extracted is about 19

C.g* that corresponds to ~0.049 e~ being exchanged in the reaction, as seen in Eq. I11-9.

Ko33WO05 + 0.049 Lit + 0.049 e~ © Lipg49Ko333W 05 Eq. 111-9
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Figure 111-38. a) Cyclic voltammograms at different scan rates and b) Evolution of the capacity in
C.g™ vs. scan rates.

In Figure 111-39a, the stability study at 20 mV.s? is presented. During the first tens of
cycles, a decrease in the capacity is visible. The capacity remains stable after the 100" cycle up
to the 1000, and Figure 111-39b shows the CVs at 20 mV.s™, before and after cycling, with not

large differences between each other.
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Figure 111-39. a) Specific capacity in C.g™* and efficiency vs. cycle number and b) cyclic
voltammograms at 20 mV.s™ showing the cycle 1 and cycle 1000.

111.4.3.4. HTBs electrochemical behavior comparison in 5M LiNO3

Figure 111-40a and b, and Table 111-10 summarize the electrochemical behavior of the
hexagonal tungsten bronzes of Li, Na, and K. The CVs show the enormous difference between
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the faradaic response of the Li and Na HTB vs. the pseudocapacitive response of the K HTB.

As aforementioned, such a discrepancy in the behavior between these phases was not expected.

Li and Na HBTs are similar compared to the K compound. Consequently, both structural and

morphological properties have an impact on how the electrochemical response is taking place.

Figure 111-40b shows the performance in capacity vs. the scan rate. Although Li and Na are very

close, structural-wise, the first one exhibits the higher capacity in C.g™, including at a high rate.

Moreover, the faradaic response in the Li phase illustrates a more defined faradaic response

caused by the intercalation of Li* into the lattice of the material.
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Figure 111-40. a) Cyclic voltammograms at 2 mV.s™ comparing the three HTBs and b) Capacity vs.
scan rate comparing the HTBs in LiNO3z 5M.

Table 111-10. Capacity comparison for the HTBs.
Specific capacity in C.g* at

Hexagonal 2mV.st
Tungsten Bronze (~10 min charge/discharge
time)
Li 71
Na 63
K 29.5

A more detailed study about the charge storage mechanism and how the faradaic and

pseudocapacitive mechanism takes place will be presented in chapter 1V.
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111.4.4. HTBs electrochemical behavior in different aqueous electrolytes

In the previous section, the electrochemical study in 5M LiNO3 was shown. This section
will discuss the nature of the aqueous electrolyte and its impact on the electrochemical response
on the HTBs. The cation in the media will interact differently depending on the alkali host in
the compound structure. It will help prove what type of cations are more likely to be intercalated
into the lattice. All the electrolytes used are summarized in Table I11-11. They all keep 1 M

concentration for the respective A+ cation (A=Li*, Na*, and K*) in the solution.

Table 111-11. Aqueous electrolytes with a pH ~7.

Electrolyte Concentration
Li2SO4 0.5 M
NaxSO,4 0.5M
K2SO,4 0.5M
LiNOs 1M

The CVs at 2 mV.s comparing the three HTBs in the selected electrolytes are shown
in Figure 111-41. 0.5 M NaxSOs (see Figure I11-41b) shows a kind of small bump at lower
potential upon oxidation sweep, for the Li and Na HTBs at -0.47 V and -0.52 V vs. Ag/AgCl,
respectively. This effect may indicate a small intercalation of Na® into the material.
Nonetheless, it cannot be conclusive. For the case of the K HTB, the quasi-rectangular shape is
observed, meaning no intercalation of Na*. This particular shape of the potassium compound
kept repeating for the other aqueous electrolytes. In 0.5 M K2S0O4, 0.5 M Li2SOs, and 1.0 M
LiNOg, the response is very similar for K HTB, a rectangular shape CV with a low performance
(Figure 111-41a, c, and d).

0.5 M K>SO4 electrolyte was the exception for the Li and Na HTBs, showing an irregular
CV. Hence, K* cations are less likely to be adsorbed for these bronzes than the K HTB, which
has the higher SSA. On the other hand, electrolytes containing Li follow the same
electrochemical response (Figure I11-41aand d). 0.5 M Li2SO4 and 1.0 M LiNO3z exhibit a small
peak upon oxidation sweep. In the case of Li HTB, it is located at about -0.41 V vs. Ag/AgCl,
for both Li electrolytes. For Na HTB, the same peaks are located at -0.4 V and -0.41 V vs.
Ag/AgCl, for 0.5 M Li2SO4 and 1.0 M LiNOs, respectively. Thus, confirming the hypothesis
that Li+ is more likely to be inserted into the lattice of Li and Na HTBs. Both the structural

arrangement and morphology of the nanorods-like particles favor such a mechanism.
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Figure 111-41. Cyclic voltammograms at 2 mV.s™ for a) 0.5 M Li,SO4, b) 0.5 M Na;SOs, ¢) 0.5 M
K2SO4 and d) 1.0 M LiNOs, aqueous electrolytes.

The CVs above reflect what is shown in Figure 111-42, where the K HTB is better in 0.5
M NazSO4 and 0.5 M K32SO4, being the opposite in 0.5 M Li2SO4 and 1.0 M LiNOs. Thus,
demonstrating how the electrolyte's nature and concentration may have an important effect on
the electrochemical response of the hexagonal tungsten bronzes. Moreover, a study performed
in carbon materials, such as graphene has evidenced the “ion sieving effect”,’? which is related
to the size of the cation in the electrolyte vs. the size of the pores of the material. For the case
of the HTBs, a close relationship can be made. The effective ionic radii”® for desolvated Li*,
Na*, and K*are 0.76 A, 1.02 A, and 1.38 A, respectively. Li* being the smallest one, can have
easier access into the HTBs, shown by the faradaic responses observed. Following Li* is Na*,
with a similar trend but with less impact. And finally, K*, which does not present any
intercalation activity in the materials. However, it must be mentioned the ion sieving effect
described before explains only the behavior for Liand Na HTBs. Whereas the K HTB, does not
follow the same trend and only presents a capacitive like behavior in all the electrolytes (see
Table 111-12).
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Figure 111-42. Performance of the three bronzes in the different aqueous electrolytes, capacity vs.
scan rate in a) 0.5 M Li2SQOy4, b) 0.5 M Na2SO4, C) 0.5 M K350 and d) 1.0 M LINOs.

Table 111-12. Specific capacity comparison in different aqueous electrolytes.

HTBs Specific capacity in C.g*at 2 mV.s!
1M 05M 05M 05M
LiNOs Li,SO4 Na>SO4 K2SO4
Li 49 41 25 13
Na 36 36 15 6
K 28 27 24 22

In the case of 0.5 M K>SOs electrolyte, a particular data treatment was followed,

showing a capacitive response for the three HTBs. The current, normalized by

the mass of

active material shown in Figure I11-41c, was normalized vs. the specific surface area of each

material. The goal is to visualize how the SSA, surface-exposed, will contri

bute to the

adsorption of the ions from the electrolyte. Thus, Figure 111-43 compares both CVs in mA.g*

and in pA.cm™, respectively.
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Figure 111-43. Cyclic voltammograms at 2 mV.s™ for 0.5 M K>SO, comparing a) normalized current
with mass of active material and b) normalized current with mass of active material and the SSA

Figure 111-43b demonstrates that the electrochemical response for the Naand K HTB in
0.5 M K2S0O4 electrolyte is very similar, considering the pure electrostatic adsorption of ions at
the surface. On the other hand, Li HTB presents a higher value of current upon reduction, which
may be related to possible K* interaction. However, such a mechanism not be optimal and is
indeed a non-reversible process. Moreover, the normalized capacitance was calculated at 2
mV.st. It shows that despite the capacitive-like behavior of the CV, the reported values (see
Table 111-13) are higher than the ones reported for CDCs (carbide-derived-carbons) with SSA
higher than 1000 m2.g%, around 10-15 pF.cm.4"® However, one must not take these values
lightly since different metals present capacitance values very close to those reported here, as
previously shown by Trasatti.”” Therefore, the capacitance obtained by the SSA will most likely

correspond only to a double layer contribution.

Table 111-13. Normalized capacitance for the HTBs in 0.5 M K,SO, at 2 mV.s™.
Normalized capacitance

HTB in uF.cm
Li 108
Na 50
K 40

The nature of the electrolyte impacting the electrochemical behavior has been presented.
it was noticed that the electrolyte concentration seems to play a different role in the response.
Therefore, in the following section, electrochemical tests for Li and Na HTBs with LiINO3 at
different concentrations will be presented to get a broader understanding of this parameter in

the electrochemical study of these materials.
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111.4.5. HTB electrochemical behavior in different LINO3; concentrations vs.
Water-In-Salt electrolyte
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Figure 111-44. The weight and volume ratio of LiTFSI to H,O change with increasing the molality of
LiTFSI in H,O™,

In this section, the study of Li and Na HTBs in different LiNO3 concentrations will be
presented. The study will shed light on the differences observed in the past sections in the CVs
of 1 M and 5M LiNOs. Additionally, the so-called “water-in-salt” electrolyte will be used as a
comparison. These are highly concentrated electrolytes, where the salt outnumbers the solvent
both weight and volume-wise (see Figure 111-44). In these systems, the average number of water
molecules available to solvate an ion is much lower than the regular solvation numbers for
lower concentrated electrolytes. Hence, this feature will impact the interfacial interactions

between the electrolyte and the surface of the electrodes.”®™

LiTFSI (Lithium bis (trifluoromethanesulfonyl) imide) with a concentration of 21 m
(moles of solute per kilograms of solvent) will be used along with 1 M LiNO3z (LNO 1M), 5 M
LiNO3 (LNO 5M), and 10 M LiNO3 (LNO 10M).

111.4.5.1. The case of LiHTB and Na HTB

Figure I11-45a and b shows the cyclic voltammograms for the different LINOs3
concentrations and LiTFSI 21 m for Li HTB and Na HTB, respectively. The shift in the faradaic
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response (redox peaks) towards higher potentials can be easily noticed when the concentration
of Li" increases for both HTBs materials.
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Figure 111-45. Cyclic voltammograms with different LiINO3 concentrations and Water-In-Salt LiTFSI
21 ma) Li HTB and b) Na HTB.

In the case of the Li HTB in water-in-salt electrolytes, such a shift is not that obvious
compared to Na HTB. This is explained as a result the aging of electrode used to carry out the
test. Nevertheless, a clear trend related to the concentration and the potential is observed. Figure
I11-46a and b display AE (difference between peaks potentials, cathodic and anodic) and E1,
half wave potential (measured by taking the average of the difference between the potential

values of anodic and cathodic peaks), vs. the concentration of electrolyte, for each phase.
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Figure 111-46. AE and E vs. electrolyte concentration for (a) Li HTB and (b) for Na HTB.

Figure 111-46 shows how the E1» moves towards more positive potential values and AE

shrinks as the concentration increases. These changes upon the increase of concentration are
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caused by the lowering of the energy required for the Li* cations to be intercalated into the

lattice of the materials. Hence, facilitating the intercalation, making it even more reversible’®,

In order to explain this relationship, the number of water moles per Li* moles in each
electrolyte tested was determined. It provides an idea of how many waters surround one mol of

Li* cation and if there are enough molecules available to form the respective hydration shells
fully.

100+ OLITFSI 21 m A
80+
.
=
S
2 601
5
E 40
Q
~N
T
20+
0
0
0 5 10 15 20 25
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Figure I11-47. Ratio of moles of per moles of Li* cations vs. electrolyte concentration

Figure 111-47 shows how the ratio of moles of H20O per moles of Li* cations decreases
as the concentration increases, as expected. The vast difference between the LNO 1M vs. LNO
5M, ~75 moles of H20 per of 1 mole of Li+ is noticeable. Above 5M, the difference is not that
large, ~11 and ~ 7 moles of H2O per 1mole of Li* for LNO 10M and LiTFSI 21 m, respectively.
Furthermore, the half wave-potential was plotted vs. the ratio of moles of H.O per moles of Li™.
Thus, confirming that the water surrounding the Li* cations plays an important role whenever
the Li* is intercalated into Li and Na HTBs (see Figure 111-48).

Less water is available for the Li*, consequently less water can form the respective
hydration shells (~6 for the first shell).8%82 For this reason, a decrease in the solvation energy
will make it easier to desolvate Li* to be intercalated in the hexagonal tungsten bronzes.

Subsequently, the potential at which the Li* intercalation takes place is higher when the ratio
H>O/Li" decreases.
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Figure 111-49. Cyclic voltammogram for Li HBT and Na HTB in Water-In-Salt electrolyte (LiTFSI) at
a) 0.2 mV.s* and b) 2 mV.sand, ¢) and d) 4E and Eu, vs. scan rate for Li and Na HTB respectively.

Finally, to conclude the study using Water-In-Salt electrolyte, CVs at 0.2 mV.s™ and at
2 mV.st for both Li HTB and Na HTB were performed. Figure 111-49 shows the respective CVs
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and plots indicating the AE and E1/2 vs. the respective scan rate (see Figure 111-49¢c and d). As
expected, the sweep rate increase will be reflected in the increase in the AE, peaks more
separated. On the other hand, E12 should not change, and virtually no variation for the Li HTB
and Na HTB is observed.

[11.4.6. HTB electrochemical behavior in aqueous 5 M LiNO; electrolyte at
different pH
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Figure 111-50. Pourbaix diagram for W (25 °C, [WO4? 10 mol.L™). Line (a) shows the reduction
equilibrium of water Eo.=-0.0591 V x pH at a H, or O pressure of 1 bar. Line (b) shows the oxidation
equilibrium of water Eop=1.228 V —0.0591 x pH.2*3* Green lines showing the stability zone for
-0.3 - 0.3V vs. Ag/AgCl and red lines the stability zone for -0.6-0.0 V vs. Ag/AgCl, potential windows.

Several authors have reported the electrochemical properties of different WO3
polymorphs in acidic electrolytes.*”#%8 The work presented in this thesis focuses only on
studying the hexagonal bronze phases of AxWOs in mild aqueous conditions: aqueous
electrolytes with a pH of around 7. Nevertheless, the Pourbaix diagram contains the species in
equilibrium in an aqueous electrolyte dominated by various pH-dependent half-cell reactions.
By looking at it (see Figure 111-50), the question about how the electrochemical behavior of

HTBs would change with the variation of the pH was asked. Therefore, several experiments
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were performed in 5 M LiNO3z with different pH: 0.0, 2.0, and 7.0. The pH was adjusted with
0.1 M HNO:s.
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Figure 111-51. Li HTB study in 5M LiNOs at pH=0.0, pH=2.0 and pH=7.0 in between -0.6 — 0.0 V
and -0.3 - 0.3 V vs. Ag/AgCl. a) and b) showing the capacity vs. scan rate and c) and d) the respective
CVs.

Figure 111-51 and Figure 111-52 show the results for the Li and Na HTB, respectively.
These two phases follow the same behavior upon pH change. It can be noticed right away a
substantial irreversible capacity in a low pH (~0.0) when cycled from -0.6 — 0.0 V vs. Ag/AgCl.
Probably due to multiple protons being multiple protons being intercalated without the
possibility of getting out, as observed in the very weak anodic peak at ~ 0.3 V vs. Ag/AgCl, for
both HTBs. If the potential window is shifted now towards more positive potentials, i.e., -0.3 —
0.3 V vs. Ag/AgCI, and as indicated in the Pourbaix (see Figure I11-50) diagram, the stability
of WO3s will be enhanced. In this more positive potential window, the aforementioned anodic
peak is found at ~-0.02 V vs. Ag/AgCl, for both HTBs, implicating then some proton

deintercalation.
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Figure 111-52. Na HTB study in 5M LiNOs at pH=0.0, pH=2.0 and pH=7.0 in between -0.6 — 0.0 V
and -0.3 - 0.3 V vs. Ag/AgCl. a) and b) showing the capacity vs. scan rate and c) and d) the respective
CVs.

At a pH of 2, the already seen “standard” CV shape for the Li and Na HTBs appears.
The CV shows the reversible faradaic response from -0.6 — 0.0 V vs. Ag/AgCI. A similar shape
is maintained when compared to a pH of 7, and a slight increase in capacity is observed. On the
other hand, when the test was carried out at a potential window of -0.3 — 0.3 V vs. Ag/AgCl, a

meager response was obtained for pH 2 and 7.

Such behavior is equally observed for both Li and Na HTBs. It can be explained as
follows: Firstly, when the experiment is conducted at lower values of potential (-0.6 — 0.0 V vs.
Ag/AgCl), and the pH is set at 2, proton intercalation becomes negligible compared to Li*
activity towards the HTBs, as seen in the CVs of pH 0 vs. pH 2. Moreover, there is not any
significant improvement being observed when the pH is set back at 7. As initially tested in the
previous sections, the performance gets slightly better for both Li and Na HTBs.
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Secondly, if the potential window is set from -0.3 — 0.3 V vs. Ag/AgCl, a very weak
response is obtained for the three pH tests, as seen in Figure 111-51b, d, and Figure 111-52b and
d, which means that in order for the Li* cations to be inserted into the host material, the range

of the potential window has to be set towards lower values of potentials.
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Figure 111-53. K HTB study in 5M LiNOs at pH=0.0, pH=2.0 and pH=7.0 in between -0.6 — 0.0 V and
-0.3-0.3 Vvs. Ag/AgCl. a) and b) showing the capacity vs. scan rate and c¢) and d) the respective
CVs.

In the case of K HTB, significant differences can be remarked when cycled in the same
previous conditions (see Figure I111-53). In previous sections, the performance of K HTB has
shown no Li* intercalation into the material, due to the clear absence of the faradaic peaks (see
Figure 111-37 in neutral pH, in section 111.4.3.3). However, whenever the K HTB is tested at a
pH of 0, the CV shows the same irreversible proton intercalation at lower values of potentials,
as seen in Li and Na HTBs. In addition, improved performance at more positive potentials is

observed, comparable to the hydrated phase of WO3 reported by Augustyn et al.*”85 In contrast,
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K HTB in 5M LiNOs3 at pH 2 and 7 follows the same behavior as Li and Na HTBs. A very

similar response at lower values of potentials and weak response at positive potentials.

Table 111-14 summarizes the specific capacity at 2 mV.s™ for the three bronzes at a pH
of 0, 2, and 7. As mentioned above, the improvement in the capacity upon reduction at a pH of

0 is caused by the irreversible intercalation of H" in the material.

Table 111-14. Summary comparing the specific capacity at 2 mV.s™for the three HTBs at pH 0, 2 and

7.
HTBs pHO pH 2 pH 7
Li 97 39 49
Na 88 63 65
K 89 41 36
50 T T T T T T T T T T T T T T T T T T T T T T T
WO, - Blank @ 504 1-WO, (b) |
— 0 T T — O T T
) o)
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Figure 111-54. Cyclic voltammograms for a) WOs-blank and b) y-WOz in 5 M LiNO3z pH 0, pH 2, pH 7
and 0.5 M H,SO..

Furthermore, a comparison in the same set of electrolytes was performed for the
monoclinic phase WOs. In section 111.3.2 (see Figure 111-9), a glimpse of the electrochemical
performance in 5 M LiNO3s of WOz-blank vs. the y-WO3 (as-synthesized) was presented. Both
materials showed inferior performance, in agreement with what was expected of these specific
structural arrangements. In this part, the study will be complemented by comparing the different
pH of 5 LiNOz and with 0.5 M H>SQO4. Figure 111-54 presents the CV for both materials in all
the electrolytes mentioned. A priori, no faradaic response is observed for any pH in 5 M LiNOs3,

for both WOs-blank and y-WOs. The trend mentioned above is followed for pH 2 and pH 7,
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with very similar CV shapes. In contrast, pH 0 follows the irreversible proton activity at lower
values of potentials, as seen for the HTBs.

On the other hand, the CV in sulfuric acid moderately shows a faradaic response with
weak redox peaks observed for both WOs-blank and y-WOs. It must be mentioned that the
shape of the CV is not entirely uniform nor symmetric.

Finally, to conclude this study, an electrochemical test of the HTBs in acidic media was
conducted in a potential window from -0.3 — 0.3 V vs. Ag/AgCI. Figure 111-55a and b shows
the results obtained. Astonishingly, the performance of the HTBs, Li, Na, and K in 0.5 M H2SO4
is far more significant than WOs reference phases. Both Li and Na clearly show the faradaic
response due to the H* (or HsO") intercalation into the material. One defined cathodic peak is
depicted at a~ 0.045 V and -0.084 V vs. Ag/AgCI for both Li and Na HTBs. On the other hand,
two defined peaks are presented in the reverse sweep: at ~ -0.16 V and 0.114 V, for Li HTB;
and -0.16 V and 0.076, for Na HTB. Thus, it demonstrates the capability of the Li and Na HTBs

capability to store H* (or H3O") in their structures.

In contrast, K HTB shows the quasi-rectangular shape, typical for this compound.
However, in this acidic media, a slight faradaic response can be depicted in a big a significant
bump at ~-0.097 V and ~ -0.013 V vs. Ag/AgCl in a cathodic and anodic sweep, respectively.
It suggests that protons are preferred to be intercalated in this host material compared to Li+,

Na+, and K+, as previously exhibited.
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Figure 111-55. a) Cyclic voltammograms at 2 mV.s™ and b) capacity vs. scan rate comparing the
electrochemical behavior of the HTBs vs. the references of WO3 in 0.5 M H2SQ.a.
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This experiment in acidic electrolyte shed light on how fully proton intercalation takes
place in the HTBs of Li, Na, and K. As it is depicted in Eq. 111-10, Eq. 111-11, and, Eq. 111-12,
due to the small size of H*, more protons can be inserted into the HTBs structures, regardless
of the cation already located inside. In addition, HTBs show a remarkable response when
compared to the traditional y phase of WOz. Moreover, the CV shape obtained differs from the
one already reported by Augustyn’s group for the hydrated phase of WO3*', highlighting the

structural differences between the polymorphs.

Nag276W0s3130 + 0.24Li* + 024 e~ o HyyuNag278W0s 130 Eq. 111-11
Ko33W05 + 0.25Li* + 0.25e~ © Hy,5Ko333W0s5 Eq. 111-12

[11.4.7. Role and importance of Li* in agueous electrolytes

As previously established, Li* is an essential element of the charge storage mechanism
for the hexagonal tungsten bronzes when used as electrode materials for energy storage devices
operating in aqueous electrolytes. It has been demonstrated how the concentration and the ratio
between Li* and H2O molecules make it easier, or not, for the intercalation process to take
place. In order to evaluate this vital role of Li* and the counter anion in their performance, an
electrochemical experiment using sodium nitrate and potassium nitrate with the same

concentration as LiNOs (5 M) was carried out.

Figure 111-56a and b show the CVs for the electrolytes described. As reported in section
I11.4.4 of this chapter, neither Na™ nor K* showed any intercalation activity into the HTBs. This
statement is reaffirmed when the bronzes are tested in 5M NaNOs and 5M KNOs. The CV
shapes and the capacity values obtained are not comparable when the HTBs are cycled in
aqueous lithium-based electrolytes. Li and Na HTB show the lowest performance in both
NaNOsz and KNO3z, compared to the K HTB, where the “quasi-rectangular” shape is maintained.
A disclaimer has to be made concerning the K electrolyte, as it was very saturated, and re-

crystallization took place while cycling. Thus an uneven and distorted CV is observed.
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Figure 111-56. Cyclic voltammograms at 2 mV.s™ of the HTBs tested in aqueous a) 5M NaNO3 and b)
5M KNOs, ¢) and d) show the normalized current by the SSS in the respective electrolytes.

Since the significant contribution to the charge storage seems to be “capacitive” because
of the shape of the CVs, a normalization of the current over the SSA was made, as previously
seen in section I11.4.4 in the case of K2SO4 electrolyte, see Figure 111-56¢ and d. Table 111-15
summarizes the respective capacities in C.g vs. capacitance in puF.cm. It is worth mentioning
that the values reported in pF.cm may be due to a pure electric double layer behavior with no

charge transfer taking place, faradaic or pseudocapacitive.’’’

Table 111-15. Comparison of capacity in C.g™ vs. uF.cm? in 5M NaNO3z and 5M KNOs.

HTBs Capacity and Capacitance
5 M NaNOs; 05 M KNOs3
Cg? uF.cm Cg? uF.cm™
Li 4.7 65 4.5 63
Na 5.4 75 9.5 132
K 15 45 17 52
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Furthermore, to underline the effect of Li* in the electrolyte, a test using 2.5 M NaNO3
and 2.5 M KNOz with different LiNOz concentrations was performed. This experiment will
follow the change from zero faradaic activity, in the absence of Li™, i.e., only 2.5 M KNOs,

versus the electrolyte containing Li* at different concentrations, see Figure 111-57.
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Figure 111-57. Cyclic voltammograms for the HTBs when tested in KNOs 2.5 M plus different LINOs
concentrations, a), ¢) and e). And the respective performances shown in b), d) and f).
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These results highlight how the amount of Li*/H20 influences the shape of the CV,
regardless of the presence of both K* and NOz™ ions, coming from KNOs. In the case of Li and
Na HTBs, the intercalation mechanism is observed very easily. When LiNO3 reaches 1.2 M
concentration, the shape of the CV begins to change until reaching a 5 M concentration; in this

point, the usual observed faradaic shape is ultimately manifested (see Figure I11-57a and c).

On the other hand, the classic quasi-rectangular shape for the K HTB is seen even with
2.5 M KNOs electrolyte with no Li*. The results showed very close capacity values for all the
electrolytes tested, including the maximum Li" concentration, supporting the fact that no
faradaic response occurs in the K HTB and that the charge storage mechanism is due to

capacitive and to a less extend pseudocapacitive contributions.

[11.4.8. Preliminary conclusions on the study of hexagonal tungsten bronzes in

aqueous electrolytes

There is a relationship between the crystallographic structure of the HTBs and the
electrochemical performance. Li and Na phases present similar structural features as well as
very similar electrochemical signatures. On the other hand, K HTB shows utterly different
behavior. For both Li and Na HTBs, there is clear evidence of the intercalation of Li* into the
structure shown by the faradaic redox peaks observed. Whereas for the K HTB, the charge
storage mechanism, with an evident absence of any faradaic response, most likely only concerns
a double layer or a pseudocapacitive mechanism. Further investigations and additional
information on that subject will be given in the next chapter. Furthermore, the vital role of the
ratio of Li*/H.O was evidenced when both Li and Na HTBs were tested in different

concentrations of agqueous LiNOs, in addition to the water-in-salt electrolyte test.

111.5. Electrochemical study in organic electrolytes

At the beginning of this section, the electrochemical properties of different phases of
WOj3 were introduced. This included the pioneer study by Kumagai et.al.®® They showed the
electrochemical intercalation of Li* (using LiClO4 in PC) into what they called hexagonal
structure of WOs. This specific phase draws attention due to the absence of alkali cations and
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water inside the structure. The synthesis of a pure hexagonal phase in such conditions is
questionable. Nevertheless, the interesting electrochemical signature presented by Kumagai
encouraged the intention of studying the HTBs reported in this thesis in organic media.

Moreover, to compare such behavior to the aqueous systems previously reported.

111.5.1.1. Cyclic voltammetry of Li and Na HTBs at different potential windows
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Figure 111-58. Cyclic voltammograms in different potential windows for Li HTB a) 0.2 mV.s™ and b)
2.0mV.stand for NaHTB ¢) 0.2 mV.s*and d) 2.0 mV.s™.

All the experiments were conducted in the standard electrolyte LP30, 1 M LiPF¢ in EC-
DMC (50/50 v/v) (lithium hexafluorophosphate in ethylene carbonate and dimethyl carbonate).
The first tests consisted in finding the adequate potential window where the faradaic activity
could be observable; thus, the Li and Na materials were selected to carry out these experiments.
The test started running CVs at 0.2 mV.s™ in four potential windows 2.0-3.26 V, 2.2-3.1V, 2.5-
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3.2 V and 2.66-3.26 vs. Li/Li* to be compared to 2.0 mV.s ! scan rate in 2.2-3.1 V, 2.5-3.2 V
and 2.66-3.26 vs. Li/Li", as seen Figure 111-58.

The faradaic response is located at ~2.73 and 2.81 V vs. Li/Li* for cathodic and anodic
peaks, respectively, in the Li HTB compound (Figure 111-58a). In the case of Na HTB, the
response is depicted at ~2.67 and 2.82 V vs. Li/Li* for both cathodic and anodic peaks,
respectively. It is worth mentioning the shift towards higher potentials of the HTBs reported
here compared to the study of Kumagai et al.%°, where broader peaks are presented in ~2.4 V
and ~2.6 V vs. Li/Li".

Once the potential window is extended towards more negative potentials, no more peaks
can be depicted before ~2.0 V vs. Li/Li*, where the sweep stopped. Hence, a shorter potential
window was selected for further tests. In contrast, when the scan rate increases, a distortion of
the CV is observed, compared to the low scan rate CV. Thus, this may indicate a Kinetic
dependence on the scan rate. Moreover, this will be more important in aqueous systems. Such

a comparison will be presented further in this section.

I11.5.1.2. HTBs in organic media

As previously mentioned, an evaluation of different potential windows was performed.
A cyclic voltammetry test was performed at 0.1 mV.s™ for over 100 cycles between 2.5 and 3.1
V vs. Li/Li*, where the faradaic activity is more evident. These experiments will help
understand how the material behaves in an organic electrolyte at a low sweep rate. Such results

are shown in Figure 111-59.

Both Li and Na HTBs present the expected faradaic response. Furthermore, the
remarkable stability of up to 100 cycles at such a slow rate is observed. Li HTB shows a slight
decrease in the capacity compared to the sodium compound, which increases the performance.
This could be associated with an activation process occurring before the system achieves its
maximum performance. This difference is evidenced in the CV at cycle 100" vs. the 1% cycle,
see Figure 111-59c.

Unsurprisingly, the K HTB exhibited the same CV form as in an aqueous system, a
classic quasi-rectangular shape with no visible faradaic contributions. Moreover, it shows a

more considerable capacity loss after 100 cycles when compared to the previous HTBs. A
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summary of the respective capacities in

retention in % is shown in Table I11-16.

the 1 cycle vs. the 100" cycle and the capacity
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Figure 111-59. Cyclic voltammograms at 0.1 mV.s™ showing cycle 1 and cycle 100 for a) Li, ¢) Na and
e) K HTB. And efficiency vs. cycle number in b), d) and f), respectively.

Table 111-16. Capacity of the HTBs in organic electrolyte.

HTB Capacity in C.g* Capacity
Cycle 1 Cycle 100 retention in %
Li 73 68 ~93 %
Na 40 46 ~115%
K 35 28 ~ 80 %
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Furthermore, it should be noted that the values of capacity presented for the three
materials at 0.1 mV.s ! are very close to the ones reported in aqueous 5 M LiNO3 at a much
larger rate (2 mV.s1). A comparison of the two systems will be presented later in the next

section.

111.5.1.3. Organic vs. Aqueous systems
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Figure 111-60. Cyclic voltammograms comparing the performance of the HTBs in organic vs. aqueous
electrolytes at different sweep rates, a) and b) Li HTB, ¢) and d) Na HTB, and e) and f) K HTB.
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The electrochemical performance of the Li, Na, and K hexagonal tungsten bronzes, both
in aqueous and organic systems, have been previously described and discussed in this chapter.
This section will present a comparison between aqueous 5M LiNO3 and 1M LiPF6 in EC-
DMC. This will help to continue the investigation and understanding of how Li* cations in the

electrolyte interact with the HTBs depending on the surrounding media.

Figure 111-60 displays the CVs at 0.1 mV.s%, 0.2 mV.s? and 2.0 mV.s? in the
corresponding electrolytes. All the CVs have been re-plotted vs. Standard Hydrogen Electrode
to have a full comparison and highlight the position of the faradaic responses in each
experiment. Unfortunately, the experiments at 0.1 mV.s in aqueous electrolyte were not

performed.

First of all, a shift towards lower potentials is presented in organic electrolyte vs.
aqueous at a meager scan rate, 0.1 mV.s?, compared to 0.2 mV.s! in aqueous. As
aforementioned, water molecules in the electrolyte somehow are involved in the intercalation
mechanism of the Li*, reducing thus the amount of energy necessary for that specific process
to take place. The lack of water in organic electrolytes changes how the intercalation occurs,
being substantially visible at higher rates. The CVs at 2.0 mV.s™ shows how, in the organic
media, the classic shape of the faradaic behavior is completely lost compared to the case of
water-base electrolytes where the cathodic and anodic peaks are undisturbed. All of these

changes are visible for the Li and Na HTBs.

On the other hand, the K compound presents an entirely different behavior. It performs
very poorly at a low scan rate in aqueous media, showing a very resistive and very uneven CV.
In the case of organic media at 0.1 mV.s™, the quasi-rectangular shape will be maintained. On
the contrary, the behavior is nearly identical at higher rates with very similar CVs and close
values of capacity. This brings more evidence about the EDL behavior of this compound, where

possibly no faradaic activity is occurring.
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I11.6. Conclusions — Chapter |11

In this chapter, the hexagonal tungsten bronzes of Li, Na, and K were introduced. The
low-temperature “hydrothermal synthesis” specifically adapted for these phases was presented.
In this method, the role of the cation size was evidenced by the different structural and
morphological arrangements obtained for each HTB. Moreover, we demonstrated important
crystallographic features deferring from those already reported in the literature. This study adds

to the literature and contributes to the enrichment and better understanding of this subject.

Afterwards, the electrochemical performance of the HTBs was investigated in different
aqueous electrolytes, which is the central area of interest of this thesis. Moreover, the classic
LP30 organic electrolyte was used as a comparison and to prove differences. We shed light on
the exciting performance mainly for the Li and Na HTBs, depicting a faradaic signature

originated by the Li* intercalation of the electrolyte.

We demonstrated that the cation size in the electrolyte and the number of water
surrounding the cations impact the intercalation mechanism. Moreover, the different
electrochemical behavior for the K HTB was evidence, where no faradaic signature was

observed.

In conclusion, we have proposed different mechanisms to explain such exciting and
different behaviors for each HTBs. However, in-depth studies using more powerful techniques
are necessary to better understand how the charge transfer is taking place and differentiate the

intermediating contributions. These further studies will be presented in chapter 4.
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Chapter IV

IV.1. Introduction

In the previous chapter, the hexagonal tungsten bronzes phases were introduced. The
synthesis, the crystallographic structure, and the electrochemical behavior in water-based and
organic electrolytes were described and discussed. At the end of the chapter, it was stated that
a further and in-depth study had to be followed for a better understanding of the charge storage
mechanism of such compounds. In this chapter, such a study will be presented to shed light to
understand the phenomena taking place at the electrode/electrolyte interface and inside the

material.

A Kkinetic electrochemical study will be presented in the second section of this chapter.
It will intend to separate the charge storage mechanism into diffusion-controlled and surface
capacitive processes. Thus, a first idea of how the charge is distributed in the HTBs in aqueous

media will be given.

In the third section, the unique technique of EQCM (Electrochemical Quartz Crystal
Microbalance) will be described. With this technique, whether or not Li* cations are intercalated
and how this process takes place in water-based electrolytes will be discussed and finally

answered.

In section four, an in situ X-ray diffraction study will be presented. Unfortunately, the
study will be performed in an organic-based electrolyte. However, this will not prevent us from
obtaining exciting information about such phenomena. The difference between the three HTBs

will be once again remarked.

Finally, synchrotron operando X-ray absorption spectroscopy will be discussed in the
last section. This powerful technique will give important information on how tungsten is
directly related to the electrochemical behavior of the HTBs, as is expected. Furthermore, this
study will help to finalize the understanding of the charge storage mechanism of the hexagonal

tungsten bronzes proposed in this thesis.
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IVV.2. Charge storage mechanism: Surface capacitive vs. Diffusion

controlled processes

IV.2.1. Introduction: Deconvolution charge storage methods

Electrochemical analytical methods have been applied to distinguish the different
contributions in charge storage in oxide materials. Trasatti, a pioneer scientist studying such
phenomena, proposed an attractive model to explain the events happening at the surface of
RuO,.! This material is remarkably distinctive because of its pseudocapacitive behavior. To
elucidate such a mechanism, Trasatti presented the idea of separating the total charge (qr) in g,
inner charge with the less accessible surface and gs, the outer charge and the more accessible
surfaces,? see Eq. IV-1.

ar = ¢+ qs Eq. IV-1

Additionally, he stated that the inner charge gi changes linearly with the square root of
the potential scan rate »™*2 (representing a diffusion-controlled process). On the other hand, the
outer surface charge gs is independent of the scan rate » (a non-diffusion-controlled process).

Therefore, it can be obtained from the intercept of the plot of the Eq. 1V-2.

1
(v) = constx v 2 + g, Eq. IV-2

Where q(v) is the total charge, simultaneously, if the scan rate decreases, both inner and
outer charges are accessible. Hence, the total gr can be determined when v = 0 with the
following equation, and gi can be calculated:

! t _% + ! Eqg. IV-3
— = Cconst * v _ . -
) ar a

In a different approach, considering that the current, at a specific value of potential,
changes with the scan rate (v), follows the relationship presented in Eq. IV-4.

i(V)=avb Eq. IV-4

Where a and b are adjustable constants and b-value gives information about what type

of process dominates the current measured. If the b-value is equal to 0.5, this implies a
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diffusion-limited process. In contrast, if b is equal to 1, it is a capacitive process that dominates
the charge storage.®

However, the latter relationship is not totally conclusive. Nevertheless, it can give a first
view of the processes involved in the studied system. Therefore, based on the reports by
Conway et al.*®, Dunn et al.® proposed a new method. They investigated further the peak
current (i,) changing with scan rate (v): for a surface process, ip increases linearly with v, and for

a diffusion-controlled process ip changes with v'/2.

This connection helped Dunn to propose the power-law equation, see Eq. V-5, defining
the deconvolution into a capacitive contribution (when the current changes with ») and a

diffusion-limited contribution (when the current changes with »%/2).

1
i(v) = kyv+ kyv2 Eg. V-5

Where i is the current (A), and v is the scan rate (V.s?), ki and kz are two proportionality

constants calculated when the equation is applied and plotted.

In this section, the last two approaches will be used to understand how the charge is
stored in the hexagonal tungsten bronzes (HTBs). All the different contributions have to be
considered. Moreover, they will shed some light on the dominant charge storage mechanism on

these materials.

IV.2.2. Screen-printed electrode setup

In order to minimize the ohmic losses and the shift of redox potentials, a lower mass
loading will be preferred compared to the composite electrodes presented in Chapter Ill. For
this reason, screen-printed electrodes acquired from DropSens©’ will be used as substrates to

deposit the respective slurry of HTBs. Further, the electrochemical tests will be carried out.

Figure V-1 presents the modified setup for these experiments. Firstly, a slurry
containing 75 wt.% of active material (HTB) was mixed with 15 wt.% of carbon (Superior
Graphite) and 10 wt.% of PVDF (polyvinylidene fluoride, 7 wt.% in NMP). The slurry was
mixed until achieving a homogenous appearance. Afterwards, it was taken into a micropipette

and dipped onto the surface of the screen-printed electrode until it reached a uniform coating.

157



Chapter IV

After, the electrode was left to dry at 60 °C overnight before performing the experiments

achieving an average mass loading of 1.5 mg.cm™.

Moreover, the use of a small amount of conductive carbon was needed in order to get
the desired CV shape. Without the carbon addition, the electrochemical behavior of the CV was
very resistive. The electrochemical cell was then assembled using the screen-printed as WE, a
Pt grid as CE, and as RE Ag/AgCIl. This setup proved to be the most convenient to perform the
experiment.

RE: Ag/AgCI

1. Dip coating of slurry ‘L
(75 wt% AM + 15 wt% CSG + 10 wt% PVDF in NMP)

2. Dry at 60 °C over night CE: Pt d WE: DropSens®

3. Assembling of \ electrode
electrochemical cell P /

S

-

DropSens®© screen _ -
printed electrode y

'

Electrochemical cell

Figure 1V-1. Schematic of setup adapted for these experiments.

IV.2.3. Electrochemical results and calculations

Figure 1VV-2 shows the preliminary electrochemical response for the three materials. The
CV at 1.0 mV. st in 5 M LiNO3 shows the already well-known faradaic signature for both Li
and Na HTBs. It is essential to mention the difference in performance observed, being more
significant for Na than Li HTB. In contrast, K HTB shows a low performance with a very
resistive shape compared to its counterpart materials. Therefore, the calculations were not
wholly reliable. The results will be presented only for the Li and Na HTBs.

The first approach used was the determination of the b-value. As aforementioned, its
value will give a first idea about the contributions involved in the current. For its calculation,

the maximum current at the cathodic and anodic peaks was taken as a function of the scan rate,
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see Eq. IV-4 above. Figure 1V-3a and c display the CVs for the Li and HTB at different scan
rates. We can easily observe the evolution of the current when increasing the sweep rate.
Moreover, the faradaic responses for both materials are much better defined, up to 15 mV.s™.
Figure IV-3b and d show the plots of the log(i) vs. log(v) where the linear fitting helps to provide

b-value.

300 - -
200 -
100 +

0 -

-100

I/ mAg?

-200
-300 A

-400 -

-500 - 5 M LiNO, -

—
-06 -05 -04 -03 -02 -01 0.0
E /V vs Ag/AgCI

Figure 1V-2. Cyclic voltammogram for the HTBs at 1.0 mV.s™.

Table 1VV-1 summarizes the b-value from the cathodic and anodic peaks for Li and Na
HTBs. In the case of Li HTB, the value is ~0.76 and ~0.79, cathodic and anodic, respectively.
Furthermore, for Na HTBs, the values are 0.82 and 0.82, cathodic and anodic, respectively. All
the values are found between 0.5 (diffusion-controlled) and 1.0 (non-diffusion control), which
is not very conclusive. It could be argued that both contributions dominate the charge storage

mechanism for the Li and Na HTBs.

Table 1V-1. b-value.

b-value
HTB Cathodic Anodic
Li 0.79 0.76
Na 0.83 0.82
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Figure 1V-3. a) and c) Cyclic voltammograms at different sweep rates for Li and HTBs and b) and d)
log(i) vs.log(v) indicating the b-value obtained.

The second approach followed was the one of Dunn et al.%, as stated in Eq. IV-5. With
the determination of both constants, ki, and ko, the estimation of surface capacitive and
diffusion-controlled contributions can be determined for each value of scan rate. Figure 1V-4
shows the linear fitting for the respective HTBs analysis.

Once the calculation and the respective ki and k. constants were obtained, the
contributions for the total charge storage are displayed in Figure 1\VV-5. First, the increase of the
surface capacitive contribution upon sweep rate is immediately noted. In contrast, the diffusion-
controlled contribution predominates at lesser sweep rates. This effect is expected considering
that there is not enough time for the Li* to go into the structure at a higher rate. Secondly, both

cathodic and anodic elements of the CV follow the same trend as described before.
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Figure IV-5. Charge storage contribution for both Li and Na HTBs, showing both cathodic and
anodic parts.

Furthermore, it must be mentioned that the surface capacitive contribution includes both
pure electric double-layer (EDL) and pseudocapacitive components. This statement should not
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be taken lightly since the shape of the CV does show a quasi-rectangular shape, being more
visible at lower potentials and a lower sweep rate, as seen in Figure IV-2.

Finally, this electrochemical analysis gives a first approach on how the charge storage
mechanism for the HTBs occurs. In the following sections, special techniques will be presented
to shed some light on the topic.

IVV.3. Electrochemical Quartz Crystal Micro Balance (EQCM)

In this section, the in situ EQCM technique will be employed to monitor the
electrode/electrolyte interface. Moreover, this will contribute to a better understanding of the
charge storage mechanism and how the Li* intercalation process occurs. All the tests and
calculations were performed by Dr. Hui Shao at the CIRIMAT (Centre Interuniversitaire de
Recherche et d’Ingénierie des Matériaux) in Toulouse, France; in collaboration with Prof.

Patrice Simon and Dr. Pierre-Louis Taberna.

IVV.3.1. EQCM in energy storage systems

The Electrochemical Quartz Crystal Microbalance (EQCM) is an experimental
technique that enables the operando monitoring of the electrochemical reaction occurring at the
electrode/electrolyte interface caused by a gravimetric alteration. Such variations at the
interface will cause a shift in the quartz resonance frequency (4f) used as working electrode
(WE). Sauerbrey's equation Eq. 1\V-6 states that this change will be proportional to the mass
change (4m).2° Cs represents the sensitivity factor of the crystal and is calculated by the electro-
deposition of Cu on the quartz and using 0.1 M CuSOa in 1 M of H2SOs. Faraday's law is then
used to obtain the amount of Cu deposited.

Am = —C; Af Eq. IV-6

Thanks to this particular feature, EQCM has resulted in a unique technique to study the
behavior of ions adsorption and solvent molecules in porous carbonaceous materials used in

EDL capacitors.1®* EQCM explained the enhancement of capacitance in sub-nanometer
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porous carbons thanks to the partial ion desolvation.'® This effect was later confirmed by the
partial loss of the solvation shell of solvated Li* in aprotic propylene carbonate at the moment
of entering the pores.!* Furthermore, the number of solvent molecules accompanying the ion at

the moment of the electro-adsorption was determined.*2

Wan-Yu Tsai et al.!3! studied the ion dynamics of the ionic liquid EMI-TFSI
electrolyte in carbide-derived carbon (CDC), both neat and solvated, highlighting the different
behaviors observed for CDC with 1 nm pore between EMI* and TFSI" adsorption. Figure 1\V-6
(showing the result for neat EMI-TFSI) displays how the electro-adsorption of the ions occurs
depending on the electrode's polarization. During negative charging, only EMI* cation
adsorption is observed. In contrast, a region of ion exchange is found at positive charging when
polarization is low. However, when a higher positive polarization is applied, TFSI™ anions

become the significant species, thus balancing the charge.*®1°

2.5 2 Q<o : Q>0 "
[ Cations Anions é TESH |
E1s5} |
o
E-)
2 1t o
£
<
05+ -
0 - =
-0.0004 0 5 0.0004
AQ (C/lcm®)

Figure 1V-6. Electrode mass change vs. charge during the polarization of CDC-1 nm in neat EMI-
TFSI: Blue solid lines are measured mass change (EQCM), red dashed lines are the theoretical mass
change of neat ions calculated from Faraday's law. The black dashed line shows the linear fitting of

the measured mass change.*

Afterwards, a similar study was performed in an aqueous electrolyte by Yin-Chyng Wu
etal.l” in TiC-CDC with 0.67 nm pore size in 0.1 M K;SOa. They studied the dynamics of K*
cations and SO42 anions during electrode polarization. They estimated the number of water

molecules accompanying each ion during electro-adsorption.
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Figure IV-7 shows their findings. The most interesting considerations to keep in mind
are: 1) they divided the CV into four different zones depending on the cation/anion
adsorption/desorption upon polarization, taking as a reference the pzc (potential of zero charge,
which refers to a potential at which surface net charge of the electrode is null) and 2) by using
Faraday's equation, average molecular weights of cations or anions were estimated taking into
consideration that the difference between versus bare ions was exclusively due to water
molecules surrounding them. The hydration numbers were 5.3 and 0.9 for potassium ions (K*)
and sulfate ions (SO4 %) in carbon micropores. Thus, suggesting a partial ion desolvation taking

place, in less magnitude for potassium than for sulfate anion.!’

Other materials investigated by EQCM were the MXenes phases of TizC,Tx in acidic
electrolytes. Hui Shao et al. hypothesized that the intercalation of HsO" and/or H* or

deintercalation of SO4% were responsible for the charging mechanism.

The same team carried out the following experiment: A CV with MXene-coated gold
quartz crystal as the working electrode in 3 M H2SO4 electrolyte at 10 mV.s™ scan rate. The
results are shown in Figure IV-8. They found that the change in mass at negative polarization
corresponds to a molecular weight of 14 g.mol™. Thus, attributing the intercalation to the
hydronium cation HzO*, with a molecular weight of 19 g.mol*. The transportation of the cations

explains the difference through the confined water in the material .*8°
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Figure 1V-7. CV and EQCM frequency response of CDC-0.7 nm carbon electrode in 0.1M K3SO4
aqueous electrolyte at 10 mV-s . (b) Electrode mass change vs. charge during the polarization of
CDC-0.7 nm in 0.1M K3SO. aqueous electrolyte. Black solid marks are measured mass change
(EQCM), green dashed lines are the theoretical mass change of neat ions. The solid red line shows the
linear fitting of measured mass change.*’
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Figure 1V-8. a) CV profile and EQCM frequency response and b) electrode mass change versus
charge during the polarization of P-MXene on a gold substrate in 3 M H,SO; recorded at 10 mV s %,
with reference electrode of Hg/Hg2S04.*8

The previous reports performed in aqueous electrolytes will help understand how the
HTBs behave towards the possible Li* intercalation. Above all, it will demonstrate whether Li*

ions go inside by themselves or surrounded by water molecules.

IV.3.2. EQCM experimental setup

Potentiostat ‘

Electrochemical cell

Spray coating assemble
of active material

CE: Ptmesh
RE: Ag/AgCl

Figure 1V-9. Schematic of EQCM setup, adapted from reference 16.
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The setup of the EQCM is described next: BioLogic 1-in.-diameter Ti-coated quartz
crystals (oscillating frequency, fO, 5 MHz) were coated by spray coating with a slurry
containing 70 wt.% of active material HTBs powder, 15 wt.% carbon black, and 15 wt.% of
polyvinylidene fluoride (PVDF) in N-Methyl-2-pyrrolidone (NMP), as the binder. The coated
quartz crystal was placed on a PTFE holder (working electrode) facing the reference electrode
(Ag/AgCI). A Pt wire was employed as a counter electrode, thus assembling the traditional
three-electrode setup (see Figure 1V-9). The tests were performed in 5 M and saturated LiNO3
as electrolytes. All the EQCM electrochemical measurements were carried out by a Maxtek
RQCM system combined with Autolab PGSTAT101 for simultaneous EQCM and

electrochemical measurements acquisitions.

IV.3.3. EQCM analysis for Li and Na HTBs

Figure 1VV-10a shows the homogenous coated quartz used to perform the experiments.
Moreover, Figure IV-10b shows a first cyclic voltammetry experiment at 10 mV.s* in 5M
LiNOgz, comparing the bare quartz vs. the coated quartz. It shows the standard electrochemical
signature for the Li HTB, explicitly displaying a faradaic response, which will be essential for

understanding the phenomena occurring at the surface of the electrode studied.
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- —— LixWO, coated quartz
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Figure 1V-10. a) Homogeneously coated quartz and b) CV of bare quartz vs.CV of coated quartz with
Li HTB in 5M LiNO3 at 10 mV.s™.
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Figure 1V-12. EQCM measurements: (a) and (b) CV profile and EQCM frequency response for Li and
Na HTB, respectively; (c) and (d) electrode mass change versus charge during the polarization in5 M
LiNO;3 recorded at 10 mV.s™ vs. Ag/AgCl as reference electrode.

The results obtained out of the EQCM measurements are shown next. A motional

resistance test was performed before the EQCM experiment indicating negligible dissipation

changes (see Figure IV-11). Thus, Sauerbrey's equation (Eq. 1V-6) can fit the gravimetric
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model. Figure 1V-12a and b display the CV profile and frequency response of Li and Na HTB

at 10 mV.s?, respectively, where the arrows indicate the scan direction.

From -0.3 to -0.5 V (vs. Ag/AgCl), an increase of mass is observed, which most likely
corresponds to the intercalation of ions into the hexagonal windows and cavities of the HTBs
and ions adsorption on the electrode surface. In Figure 1V-12c and d, the approximately linear
increase of mass versus accumulated charged is noted; see the orange area. Following Faraday's
law, the average molecular weight per charge (z=1) is calculated to be 15.9 g.mol* and 26
g.mol?, respectively, for Li and Na HTB. Such values correspond to one mole of Li
accompanied by 0.5 moles of H2O (Li**0.5 H.O) for the Li compound. In the case of Na HTB,
one mole of Li* is accompanied by 1.1 moles of H,O (Li*<1.1 H20). Therefore, it is conclusive

that Li* are not being intercalated by themselves but with H2O surrounding them.

Furthermore, as aforementioned in Chapter 11, section 111.4.5., there is a relationship
between electrolyte concentration and the number of moles of H2O per Li*. For that reason, an
extra EQCM measurement was performed in saturated LiNOs. The motional resistance test
before the EQCM experiment indicated negligible dissipation changes, as observed in the
previous experiment (see Figure 1V-13).

Figure 1V-14a and b show the CV profile and frequency response of Li and Na HTB at
10 mV.s?, respectively, in the saturated electrolyte. Figure 1V-16¢c and d show the
approximately linear increase of mass versus accumulated charged; see the orange area. A
similar calculation was performed to determine the average molecular weight per charge (z=1).
The values were: about 0.7 moles of H,O (Li*+0.7 H20) for the Li compound and about 1.3
moles of H2O (Li**1.3 H20) for the Na HTB.

Whenever the electrolyte concentration increases, the water molecules available to form
the entire hydration shell of Li decreases. Thus, possibly less water in bulk may influence the
desolvation process at the electrode interface. Table V-2 summarizes the results shown for
both 5 M and saturated LiNOs.

Table 1V-2. Moles of water surrounding Li* in the intercalation mechanism.

HTB 5 M LINO3 Saturated LiNO3
Li 0.5 0.7
Na 1.1 1.3

As mentioned in chapter 111, section 111.4.5., a shift towards higher potential values (vs.
Ag/AgCl) was described for the higher LiNO3 concentration. This implies a decrease in the

energy required for the Li* to go into the structure. As expected, such a shift is observed for the
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CVs shown in Figure IV-12 and Figure 1V-14. However, the ratio of water accompanying Li*
does not seem to change much whenever the concentration increases. This slight change could
be due to the different slopes taken for the molecular weight calculation, meaning that a limit
for water surrounding and accompanying Li* cations at the moment of intercalation is reached

before the saturation of LiNOs.
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Figure 1V-13. Change of the motional resistance of Li and Na HTBs on a Ti substrate in
saturated LiNOg at 10 mV.s™,

15
Saturated LINO, Li WO, b) Saturated LiNO, |,
0.02}2) 1omvis s 004}
15
g ooof og £ o000t )
=z = = 5
£-002} § S 004l 2
O -5 3 102
-0.04 | -0.08 + v 17
110 10 mV/is {-20
-0.06 L~ ! ‘ : ; . 012l L L - : 125
05 -04 -03 02 -01 00 05 -04 03 -02 -01 00
Potential (V vs. Ag/AgCl) Potential (V vs. Ag/AgCl)
-05V 0.3V 05V -0.3V
150 ) 350
c d
120 19.4 g/mol 300} ) s
B 250 - £ 29.8 g/mol
< 90 g
e £ 200 |
o o
S 60 S 150 F
£ £
2 30| @ 100 |
2 S 50f
ot .
O  saturated LiNO,
230 in Saturated LiNO, -50 |
1 1 1 1 1 1 " _100 1 1 1 1 1 1
07 06 05 -04 03 02 -01 00 01 12 -10 -08 06 -04 -02 00
Q (mClecm?) Q (mC cm?)

Figure 1V-14. EQCM measurements: (a) and (b) CV profile and EQCM frequency response for Li and
Na HTB, respectively; (c) and (d) electrode mass change versus charge during the polarization in
saturated LiNOs recorded at 10 mV.s™ vs. Ag/AgCl as the reference electrode.
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As a preliminary conclusion, we confirm that the Li* intercalation occurs at the
electrode/electrolyte interphase for the Li and Na HTBs. Moreover, Li* must be accompanied
by water to facilitate the intercalation and deintercalation into the lattice. The possible structural

changes the Li" intercalation caused into the crystal structure will be discussed next.

IV.4. In situ X-ray diffraction

IV.4.1. In situ X-ray diffraction in energy storage systems

In situ X-ray diffraction (XRD) has been used for more than 20 years as a powerful tool
to study electrode materials in energy storage systems.? There are different types of
mechanisms coinciding. Either a single-phase reaction or multi-phase process can take place.
Therefore, to follow the evolution and structural changes due to the polarization of the
electrode, in situ XRD offers a unique alternative to track both the potential where the phase
transition is occurring and the identification of these phases. Moreover, the unit-cell contraction
and expansion can be determined. Thanks to this technique, structural changes in materials like
LiCo02, %! LiFePOs, % LisV2(PO4)s, 2 LIVPOsF?*, Na3(VO)2(PO4)2 % have been reported as an

example.

The compounds above correspond to battery-like materials where the charge/discharge
times are much longer than 1 hour, and multi-phase reactions are predominant. Moreover,
nowadays, in situ and operando XRD investigations can be performed in materials presenting
fast intercalation or a pseudocapacitive mechanism as the ones reported by Augustyn, Gogotsi,
and Simon. %28

In situ XRD has demonstrated a fluctuating expansion/shrinkage phenomenon during
charge and discharge, in the case of the well-known 2D titanium carbide (TizC2Tx MXene
phase), as reported by Mu et al.?® and displayed in Figure IV-15. This study exhibits the
intercalation charge storage mechanism of TizC,Tx in an acidic electrolyte.
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In-situ XRD cell
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Figure 1V-15. a, b) In situ XRD patterns during the electrochemical cycle. ¢) Change of the c-lattice
parameter with potential.

Augustyn's group® investigated, by operando synchrotron XRD, the layered hydrated
structure of WO3+H>O carrying out fast proton intercalation, causing a phase transformation
from the layered phase to a more symmetric orthorhombic structure (see Figure IV-16). Such
structural changes were presented at a low scan rate (1.0 mV.s™) and impressively at the higher

sweep of 100 mV.s2.
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Figure 1V-16. Operando XRD of electrochemically-induced phase transformations in WO3¢2H-0.
Synchrotron XRD color maps of WO3+2H,0 as a function of electrochemical cycling at a) 1 mV.s™*
and b) 100 mv.s 1.
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IV.4.2. In situ cell and setup

a) (X?}‘

‘~

Screw

1em Plunger

In-situ cell set-up

Figure IV-17. In situ X-ray diffraction cell. a) diagram of the cell, b) cell indicating the parts, and c)
the cell setup inside the diffractometer.

Figure IV-17a, b, and c represent the modified Swagelok cell as an in situ cell, the cell
itself, and the setup inside the diffractometer, respectively. The upper part of the cell is
composed of a stiff, outer ring of diameter 5 cm and a hole of 2 cm behind which a metallic
beryllium window (thickness of 200 um and diameter 4 cm) is placed. A self-standing electrode,
usually prepared for electrochemical analyses (see chapter Il, section 11.2.3.1.), was placed
behind the Be window, which acts as a metallic current collector. This part of the cell was
attached to the main body, and sealing was achieved with a rubber o-ring in contact with the
Be window by tightening with six stainless steel screws. A cylindrical plunger with a disk of
Li metal is used as the "negative™ part of the cell. A spring was used to properly adjust the
mechanical pressure within the cell. The incident X-ray beam penetrates through the Be window

of the upper part and hits the positive electrode.

Unfortunately, the cell design mentioned above works only for experiments in organic
electrolytes. In order to have a better comparison for the results observed in aqueous systems,
the main view of this thesis, a special design would have been necessary. However, we did not

have access to that particular setup.

The in situ cell was then assembled inside an argon-filled glove-box (MBraun) with less
than one ppm of Oz and H20, using a glassy fiber separator (Whatman GF/D, thickness 670
um) soaked with 1 mol L LiPFgin EC:DMC (vol. 1:1, 99.9% battery grade, Solvionic, H,0 <
20 ppm, 10.3 mS cm™ at 20 °C).
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IV.4.3. In situ X-ray diffraction study

The experiments were performed in HTBs composite electrodes with a diameter of 14
mm and a mass loading of about 5-10 mg.cm™. A GCPL technique was used, with Table V-3
summarizing the corresponding current densities applied for each HTB. Such low values of
current densities were desired to approximate the charge/discharge times to those presented in
the cyclic voltammetry experiments from Chapter Il - Section 5. Every 15 min of applied
current was followed by 30 min of XRD acquisition between 10 and 40° in 26 and a scan step
of 0.0167° using a PANalytical X'Pert Pro diffractometer (by Malvern Panalytical) with an
X'Celerator detector and Cu-Kal-Ka2 (A = 1.54060, 1.54439 A) radiation. The acceleration
voltage and current were 40 kV and 40 mA, respectively. Next, the results of the in situ XRD
will be discussed.

Table 1V-3. Current density applied for in situ experiments.
HTBs Current density in

mA.g*!
Li 12
Na 12
K 6

IV.43.1. LiHTB

Figure IV-18 presents the charge/discharge vs. the XRD patterns taken at each value of
resting potentials. The experiment begins with the Li* intercalation into the lattice of the Li
HTB when the potential goes from ~3.0 V to 2.5 V vs. Li/Li*. Straight away, a shift of the
primary reflections at ~14°, 23.3°, 24.4°, and 28.3° can be observed. These correspond to 100,
001, 110, and 200 hkl. Figure 1VV-19 shows a color map picture where the shift can be more
visible.

The capacity obtained after the 1% discharge is about 70 C.g* and is kept constant along
the four cycles studied. This agrees with the one obtained in the organic electrolyte experiment
described in chapter 111, section 5. Furthermore, Figure 1VV-20a shows a zoom-in of the 100, and
Figure IVV-20b shows a zoom of 001, 110, and 200 hkl. This indicates a shrinking along the ¢
plane and expansion along the ab plane. This shrinking and expansion of the lattice corresponds
to the Li* cations being intercalated in and deintercalated out of the lattice of the Li HTB.

Additionally, as there are no peaks disappearing or new peaks appearing, we can confirm no
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second phase evolving upon cycling, as observed in the case of the hydrated phase of
WO3+H,0.%
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Figure 1V-18. Charge and discharge curves for Li HTB in LiPFs in EC-DMC and XRD pattern from
10-40° in 26.
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Figure 1V-19. Color map showing the shift of the peaks upon cycling and charge and discharge
curves for Li HTB.
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Figure 1V-20. Zoom-in of the a) 100, b) 001, 110, and 200, main reflections shown in the in situ XRD
for Li HTB.

The hexagonal structure (Chapter I11 — Figure I111-7) shows plenty of possible sites where
Li* cations could be located, for example, at both the hexagonal and trigonal tunnels formed.
This means that the Li" intercalation most likely comes from the c direction, from the pointy
side in the nanorod-like Li HTB particles (Chapter 11 — Figure I11-23). In addition, Figure 1V-21
shows the evolution of the ¢ and a parameters, where the expansion and the shrinking are more
evident. It is notable how the structure comes back to its initial state, meaning that no significant

volume expansion occurs caused by the intercalation and deintercalation of Li*.
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Figure 1V-21. Evolution of the refined cell parameters upon cycling of Li HTB in P6/mmm space
group.
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IV.43.2. NaHTB
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Figure 1V-22. Discharge and charge curves for Na HTB in LiPF¢ in EC-DMC and XRD pattern from
10-40° in 26.

In the case of Na HTB, the behavior is very similar to the Li compound, as already
aforementioned in Chapter Ill. Figure 1V-22 shows the XRD patterns as a function of the
charge/discharge curves. The shifting of the primary reflections seems to be less distinguishable
than the Li HTB. Nevertheless, it looks similar. The main reflections observed correspond to
100, 110, and 200 hkl, noticing the absence of the 001 planes.

As for Li HTB, the Li* intercalation does come from the ¢ direction, more precisely
from the end edges of the nanorods (Chapter 111 — Figure 111-23). Figure 1V-23 and Figure 1V-24
show the color map of the observed peaks and the zoom-in of the 100, 110, and 200 hkl,
respectively. The shrinking and the expansion of the lattice corresponding to the a and c are
detailed in Figure 1VV-25 with the evolution of the cell parameters vs. pattern number obtained

upon cycling.
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Figure 1V-25. Evolution of the refined cell parameters upon cycling of Na HTB in P6/mmm space
group.

IV.4.3.3. KTB

K compounds show almost no displacement of the peaks due to the cycling. As
previously discussed, the potassium compound presents an opposite behavior to Li and Na
HTBs. No faradaic response can be seen in its CVs. Moreover, both deconvolution
electrochemical analysis and EQCM experiments were not successfully performed in such a
compound. Figure 1VV-26 displays the XRD patterns in function of the charge/discharge curves,
with the main and very low-intensity reflections corresponding to 100, 110, 002, and 200 hkl.

As expected, no visible change can be observed.

Figure 1\VV-27 and Figure 1VV-28 show the color map of the observed peaks and the zoom-
in of the 002, 110, and 200 hkl, respectively. Almost no shift can be detected for the set of two
peaks at ~23° and 24° in 260. Figure 1VV-28 shows them clearer but, the low intensity makes it

difficult to distinguish.

Finally, Figure 1V-29 shows the evolution of the cell parameters vs. pattern number
obtained upon cycling. As expected, no substantial variations can be observed. Thus,

concluding that no Li* intercalation occurs in the lattice of the K HTB.
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Figure 1V-26. Discharge and charge curves for K HTB in LiPFs in EC-DMC and XRD pattern from
10-40° in 26.
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Figure 1V-27. Color map showing the shift of the peaks upon cycling and charge and discharge
curves for K HTB.
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Figure 1V-28. Zoom-in of the 002, 110, and 200 main reflections shown in the in situ XRD for K HTB.

7.65
<7.60{KHTB ]
57_55_ ® 0o O o 0 o0 © ® @ 06 06 0 9 © o © i
(0]

27.50- . E
057.45- ps
< 7.40 4 E

S735] 069066060606 e0eeOS

oo

7.25

3.1 7 T T T T T
0 4

Lo

E/V
NN W
Vo ~N®©

. 6 8 10
Time/h

Figure 1V-29. Evolution of the refined cell parameters upon cycling of K HTB in P6s/mcm space
group.

IV.4.4. Preliminary conclusions on in situ XRD study

In this section, we confirmed the very slight structural changes caused by Li* cations
intercalation into the hexagonal tungsten bronzes of Li, Na, and K. The results agreed to what
was expected for both Li and Na HTBs, where an expansion and contraction of the lattice was
observed upon Li* intercalation and deintercalation, respectively. On the other hand, K HTB

180



Chapter IV

did not show any remarkable change, as expected for this phase with no faradaic activity. Even
though the experiments were performed in an organic-based electrolyte, the results shed some
light on the structural modifications, indicating thus Li* intercalation upon cycling. Moreover,
because no significant volume changes were observed, we can conclude that these materials

can present a relatively good cyclability upon charge and discharge.

IV.5. X-ray absorption spectroscopy (XAS)

IV.5.1. Introduction to XAS

Synchrotron sources present an outstanding unconventional alternative in the use of
operando X-ray-based techniques. On the one hand, the high penetrative power of X-ray allows
a better design for operando photon in-photon out experiments. This is really advantageous
when dealing with different transition metal edges as the ones used as active materials in
electrochemical energy storage devices. The X-ray can reach and interact with the metals, and
they can go out in a signal where the corresponding information will be given. On the other
hand, synchrotron X-rays can be tuned. A synchrotron's vast energy range can be tuned to a
specific energy range to resonant with specific atomic transitions. These characteristics make it
a great and valuable approach to better understand the phenomena occurring in the studied

material.*®

X-ray Absorption Spectroscopy (XAS) is a site-selective technique that provides both
electronic structure (related to the chemical state) of the absorbing atom and its local atomic
environment (i.e., the bond distances, coordination, and geometry) at a very local scale (~4-5
A). The X-ray absorption coefficient of the studied sample is measured as a function of the X-
ray photon energy, scanned across the absorption edge of a certain element which corresponds
to a well-defined electronic transition of a core electron to the available electronic states with
the right symmetry. The XAS spectrum can be divided into two regions: 1) the XANES region
(X-ray Absorption Near-Edge Structure), from -10 eV to 80-100 eV above the absorption edge,
and 2) the EXAFS region (Extended X-ray Absorption Fine-Structure), which prolongs to 1000
eV above the absorption edge. Each region gives valuable information about the absorbing

species (see Figure 1\VV-30). For instance, the XANES region, including both pre-edge and edge,
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will be more influenced by the unoccupied valence and the conduction band structure, giving
information about the oxidation state and the coordination of the involved species. On the other
hand, the extended region (EXAFS) will be actively influenced by the geometry positions of
the neighboring atoms; consequently, it can be helpful to study the local structure, obtaining

bond distances, coordination number, and the nature of the bonding atoms.*?
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Figure 1V-30. a) XAS spectrum showing both XANES and EXAFS regions. b) k-space EXAFS
spectrum and c¢) Fourier transform of the k-space EXAFS.

When such a technique is applied to a working electrochemical cell, then real-time
information about the changes in the electronic and atomic structure can be obtained to unravel

the charge storage mechanism of the desired material.

IVV.5.2. Application of XAS on energy storage systems

XAS has demonstrated to be very useful to study materials employed in different energy
storage systems, from electrochemical capacitors to battery type materials, both with unique
charge storage mechanisms. As previously mentioned in Chapter I, RuO; is an excellent
pseudocapacitive material, being responsible for such mechanism the redox couple involving

Ru®* and Ru*" demonstrated by in situ XAS under polarization at specific values of potentials
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in acid media. This study revealed the changes in the white-line for both Lz and L, edges, being
attributed to a change in oxidation state from +3 to +4, a transition from 4d° to 4d*. 312 Similar
studies were performed in Mn and Fe oxides in aqueous electrolytes.>*¢ Reversible changes
in the XANES spectra upon charge and discharge indicated a surface redox reaction between
Mn3* and Mn*" as shown in Figure 1V-31, where the Mn K-edge energy at different polarization
potentials is plotted vs. references of known Mn compounds. Thus, the oxidation state changes
in the selected material can be followed.
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Figure I1V-31. (a) Mn K-edge XANES spectra of the electrodeposited manganese oxide at various
applied potentials together with the reference manganese oxides. (b) Oxidation state determination of
manganese oxide at applied potentials using the Mn K-edge energy shift of the reference Mn
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Figure 1V-32. In situ XANES analysis of P-MXene electrode in 1 M H,SO; electrolyte.'®

183



Chapter IV

Additionally, in situ XAS approaches have been applied to the famous MXenes phases
(TisCoTy) first reported by Gogotsi's group in Drexel university and after by Simon's group in
Toulouse.’®3” They measured the Ti K-edge of the pristine-MXene polarizing at different
values of potentials vs. Ag/AgCl. They observed a shift to lower energies upon negative
polarization, indicating thus a decrease in the oxidation state of Ti (see Figure 1V-32).

Despite several in situ studies that have been reported, a few operando analyses have
been performed. As mentioned above, the great advantage of the operando approach is the
possibility of observing all the changes happening in real-time, as we were watching a film at
a very low scale. Goubard-Breteshé et al.®® applied operando XAS to understand the behavior
of FeWO; as a pseudocapacitive material in aqueous electrolytes, as displayed in Figure 1VV-33.
Three main thoughts have to be kept out of this study: 1) The prove of the pseudocapacitive
behavior by the change on the oxidation state of Fe from 2.8 — 2.55 along with the studied
potential window, 2) the zero contribution of tungsten to the charge storage mechanism and 3)
this is the first experiment performed in a very rapid system in operando conditions, thus
confirming the unique opportunity provided by operando XAS to investigate these fast energy

storage devices.
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Figure 1V-33. a) Operando Fe K-edge XANES spectra for FeWO, comparing to several Fe references
and b)Evolution of the Fe K-edge energy and mean oxidation state as a function of the electrode
potential . ®

Nevertheless, the studies in battery-like materials are not outdone. With longer
charge/discharge times needed to intercalate 1 mol of Li* or Na* (ion-exchanged), it allows a
thoroughly study not only of the XANES region related to the electronic structure but also in

the EXAFS, where we can quantify the deviations at the local scale from the average structure
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allowing a complete understanding of the structural evolution, as seen in many examples

reported in the literature.3%4°

IV.5.3. Chemometrics to analyze operando XAS

Operando XAS has been mainly used in the study of energy storage systems, as
presented above. However, the large amount of data captured, hundreds or thousands of spectra,
makes an incredible and challenging task the analysis spectrum by spectrum. Therefore,
chemometrics tools, based on statistical approaches, have flourished in the application to
operando datasets. The use of these multivariate tools aims to decompose a large set of data
matrices into linear models. The most common methods used PCA (Principal Components
Analysis) and MCR-ALS (Multivariate Curve Resolution by Alternating Least Squares).
Applying such approaches is possible, first to extract the orthogonal components explaining the
utmost variance in the data. Second, unlike PCA, MCR-ALS can generate spectral components
and their concentration profiles with a real physical and chemical meaning (Figure 1V-34)%,
These approaches will shorten the operando XAS dataset's analysis and allow a more
unambiguous interpretation and enable the trail of unique features of the transient species

possibly developed.
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Figure 1V-34. Computed concentration profiles. a) obtained by the MCR-ALS data treatment of the

operando XAS study of the charge of a Cuo1V20s-base positive electrode and b) the corresponding
pure reconstructed components.*®
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IV.5.4. Operando electrochemical cell

In order to carry out the operando XAS, a special cell was designed in the laboratory
Institut des Matériaux Jean Rouxel (IMN) and used for the first time in the doctoral dissertation
of Nicolas Goubard-Breteshé*’. This cell satisfied all specifications needed to perform the
experiment in the best optimal conditions. One of them is the optical path of the cell, which
depends on the electrode and electrolyte, as indicated in Eq. IV-7, | is the transmitted intensity,
lo is the initial intensity, i is the linear attenuation coefficient (cm™), and x is the optical path
between the two windows.

[ = [je HX Eq. IV-7

The calculated optical path is fixed at 1.5 mm. Figure 1VV-35 shows a representation
scheme of the operando cell, a polyimide film (Kapt0n®) as a transparent X-ray window is
placed between the flange to prevent electrolyte leakage and to minimize the absorption of the

photons.

Figure 1V-35. Assembly of the operando cell used for the X-ray absorption spectroscopy experiments.
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Figure 1V-36. Electrode drawing to be used in an operando cell for XAS.

To acquire XAS operando spectra, HTBs electrodes were fabricated using the same
method as for the classic electrochemical test. Therefore, composite pastes containing 60%
active material (HTBs), 30% carbon black, and 10% PTFE were prepared. Small discs with a
diameter of 10 mm and loading mass of 6 mg cm (optimal value to perform this study) of
active material were pressed in a stainless steel grid previously perforated in order to avoid the
absorption of incident X-ray photons. The special aperture made in the current collector is

shown in Figure 1\VV-36, along with the size of the incident beam.

IV.5.5. Operando XAS experiment at ROCK beamline (SOLEIL)

Operando X-ray absorption spectroscopy (XAS) experiments were performed at ROCK
beamline*® (Rocking Optics for Chemical Kinetics) of SOLEIL. This beamline is dedicated to
studying rapid kinetic processes, particularly in catalysis, batteries, and electrochemical
capacitors. It enables working at energies ranging from 4 to 43 keV thanks to their two "Quick-
EXAFS" monochromators, Si (111) and Si (220). They can oscillate up to a frequency of 30
Hz over small angle ranges (<0.5 °) and 20 Hz for larger oscillations. Therefore, very fast scans
are possible with an acquisition time of up to 25 ms per spectrum. Thanks to its optical setup
and acquisition chain, the ROCK beamline is the best option for studying fast energy storage

systems, like those described in this manuscript.
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Figure 1V-37. Operando XAS cell. a) Scheme of the cell indicating the 3-electrode setup, b) Frontal
view of the operando cell, and c) XAS setup in SOLEIL synchrotron facilities.

The XAS spectra were collected at tungsten Lz edge (10204 eV) on HTBs electrodes.
Tungsten foil (W), WOz (W**), and WO3 (W*®) commercially available were used as references
to assess the W oxidation state. First, the valence state of the pristine samples was evaluated at
the open circuit potential (OCP) of the electrodes. Then, the electrodes prepared from the
samples of the different HTBs were tested by cyclic voltammetry in aqueous LiNO3z 5M,
Li,SO4, Na;SOs, and K,SO4 starting with an activation test at 20 mV.s™ from 0.0 V to -0.6 V
vs. Ag/AgCI. After a few cycles, the XAS spectra acquisition started cycling with a scan rate
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of 2 mV.s in the same potential window (operando conditions). XAS spectra were collected
at a frequency of 2 Hz. The spectra obtained were averaged 10 by 10 in order to increase the
signal-to-noise ratio. This procedure made it possible to obtain an averaged spectrum every 5
seconds (i.e., every 10 mV cycling at 2 mV.s?) and thus to precisely follow the evolution and
changes of the HTBs active materials upon real-time cycling conditions. Figure 1V-37
illustrates the 3-electrodes operando cell XAS setup at the beamline just before the X-ray
acquisition. Furthermore, the operando XANES results for the HTBs in 5 M LiNO3 will be

presented next.

IV.5.6. Operando XANES analysis for the Hexagonal Tungsten Bronzes

Figure 1V-38 shows the cyclic voltammograms for the three HTBs tested in operando
XAS setup vs. the CVs obtained in the traditional cell (discussed in Chapter Ill) as a
comparison. It is noticed that the classical shape for each compound is maintained, with Li
response changing slightly from the standard CV. This is understandable due to the thickness
of the electrode and the special setup of the cell. However, the signatures are clearly defined to

continue and carry on the operando XANES experiments.
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Figure 1V-38. Electrochemical response for the HTBs in 5M LiNO3 at 2 mV.s™. a) HTBs CVs from the
operando setup and b) HTBs CVs from the classical setup.

The experiment started measuring the W Ls-edge XAS spectra upon cycling. Figure

V-39 shows the first results obtained, only showing as an example Na HTB spectra. This figure
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shows the normalized absorption vs. the energy in eV of W L3-edge in both reduction and
oxidation sweeps (Figure IV-39a and c). Moreover, Figure 1VV-39b and d, displays the respective
zoom-in into the edge part. It can be noticed that the spectra shift towards lower energy values

upon reduction and then goes back to higher energy values upon oxidation.

The W Ls-edge corresponds to the transition of 2pz/. electrons towards 5d states. The
single prominent peak above the edge is called the "white line,” and its intensity is also
proportional to the 5d empty state. The shift of edge energy to lower values is attributed to the
decrease of the binding energy of the core level of the W absorber?®°°, meaning that W is being
reduced from W®* to W°* due to the Li* intercalation into the lattice.
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Figure 1V-39. Operando W Ls-edge for Na HTB. a) Upon reduction from 0.0 - (-0.6) V b) Upon
oxidation -0.6 - 0.0 vs. Ag/AgCI. b) and d) respective enlargement of the normalized absorption
evidencing the changes in W Ls-edge energy while cycling the electrodes between 0.0 V down to —0.6
V vs. Ag/AgCl at 2 mV.s™.

190



Chapter IV

The spectra shown in Figure 1VV-39 can be associated with a respective value of potential
in the CV of the Na HTB. Moreover, in the same way, each value of potential is associated with
a specific value in energy, in eV. Figure 1V-40 displays this relationship more clearly. Thereby,
the shift in energy depending on the sweep of potential towards more negative values and then
towards more positive values can be further appreciated. In addition, it can be seen that such
energy shift vs. potential is not totally linear, as in the case of pseudocapacitive materials
already reported.®*3 This non-linearity indicates that such a mechanism is not entirely

pseudocapacitive and that intercalation must be the predominant process at specific values of

potential.
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Figure 1V-40. a) Cyclic voltammogram for Na HTB at 2 mV.s™ in LiNOs 5M (the color dots represent
the XAS spectra acquisition selected for this representation. b) Evolution W Lsz-edge energy shift in
function of the sweep potential vs. Ag/AgCI.

However, to better understand the shift in energy vs. potential in several cycles, the data

analysis was performed using Matlab routine to treat a large data volume, specifically.

Figure IV-41 shows the comparison between the three Li (a, red), Na (b, blue), and K
(c, green) HTBs. The electrochemical signature in current vs. time coupled with the energy shift
vs. #scan (spectra number) is displayed. This plot makes it easier to follow the shift in energy
upon cycling when the reversible sweep takes place from more negative to more positive
potentials and back again. Li and Na HTBs follow a similar trend, even though the energy shift
is very small (~0.1 eV). On the other hand, K HTB, as we already know, exhibits a different
behavior compared to the other HTBs: the energy shift is in the signal-to-noise band, and it is
difficult to identify a clear trend. Therefore, using the results obtained for Li and Na HTBs, a

191



Chapter IV

Principal Components Analysis, PCA, was performed in order to extract the number of the main
components involved in the electrochemical reaction when the HTBs are being cycled in
aqueous 5M LiNO:s.
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Figure 1V-41. Current vs. time curves for Li, Na, and K HTBs. And Energy shift in function of spectra
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192



Chapter IV

a) =06V E- 00V E=o6v
27 T T T
< 1
£ 0 /\ i
A —\J \ i
0 5 10 15 20 25 30
Time / min
0 4
o b) x10
ﬂ)
© 1.02046
£ oois | Ml
& 1.02045
1.02044 -
g 0 50 100 150 200 250 300 350
w # Scan
c)
c 1 ] T T
o)
0 8
= 5 051 1
0 £
X o
] 0k | ] 1 | | |
50 100 150 200 250 300 350
# Scan
d) .
T c3
e
w o2
£ 321
[ofe
Zz 0 0 C 1 | 1 | I ]
1.02 1.0205 1.021 1.0215 1.022 1.0225
Energy / eV <104

Figure 1V-42. a) Current vs. time curves for Li HTB. b) Energy shift in function of spectra number.
The dotted lines indicate the values where the potential reaches -0.6 V and goes back to 0.0 V vs.
Ag/AgCI. c) Concentration profile of the two principal components required to describe the operando
XAS spectra (blue and red). And d) reconstructed XANES spectra of the two independent components
required to describe the Li HTB system.

Figure IV-42a and b show the electrochemical response vs. the energy shift for Li HTBs.
Additionally, Figure 1\VV-42c and d, display the concentration profile of the two principal
components (blue and red). And the reconstructed XANES spectra of those two reconstructed
components. For this case, at least two components are required to describe the operando XAS
spectra. One increases (red) while the other decreases (blue) upon cycling. Looking at their
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XANES profile, one is more oxidized, and one is more reduced, depending on the potential
change.
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Figure 1V-43. a) Current vs. time curves for Na HTB. b) Energy shift in function of spectra number.
The dotted lines indicate the values where the potential reaches -0.6 V and goes back to 0.0 V vs.
Ag/AgCI. c) Concentration profile of the two principal components required to describe the operando
XAS spectra (blue and red). And d) reconstructed XANES spectra of the two independent components
required to describe the Na HTB system.

Even though the energy shift upon cycling is very small, we need to consider that the
redox contributions are limited to the interface of the electrode/electrolyte while the XAS
measurements performed in transmission mode are bulk sensitive.
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As with the Na HTB case, Figure 1VV-43 shows the respective results. The energy shift
related to the electrochemical response is translated to the concentration profile of two main
components necessary to describe the operando XAS spectra. As aforementioned, the same
trend for Li HTB is followed for these components. Indeed, these two reconstructed
components are most likely associated with one more oxidized (red) and one more reduced

(blue) species being active in the material.

Bringing back the reference samples measured, WO, for W** and WO3 for W™, the
energy shift between the two was ~1.0 eV, which is related to 2 e- as shown in Figure 1V-44 a)
and b). Therefore, using the energy edge of the references, one can estimate the number of
electrons being exchanged due to the change in energy provided by the XANES for the Li and
the Na HTBs.
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Figure 1V-44. a) XANES spectra of the references WO, and WO; and b) 1% derivative of the
normalized absorption for WO, and WO:s.

Table 1VV-4 shows the e” exchanged calculated based on the capacity extracted from the
electrochemical response. For this, we use Faraday's law (Eq. IV-8), where n is the number of
electrons exchanged, My is the molecular weight of the respective HTB, and Q is the capacity

associated with the electrochemical response.

_nF Eq. IV-8
0= q. V-

These electrons are then compared to the e exchanged due to XANES energy shift. It

can be noticed that the e calculated from both approaches are comparable.
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Table 1V-4. Electrons exchanged comparing electrochemical response vs. XANES energy shift.
# e exchanged

HTB Capacity from #e considering an
CVinC.g? exchanged average shift of
0.leV
Li 53 0.13 ~0.1-0.2
Na 42 0.10 ~0.1-0.2

Finally, we can conclude that XAS has resulted in a powerful technique to perceive the
small changes occurring with the hexagonal tungsten bronzes when used as electrode material
for relatively fast Li* intercalation. XANES followed the same trend shown by our previous
studies. There is a more visible faradaic contribution due to the Li* intercalation for the Li and
Na HTBs, which was confirmed by the slight energy shift of the W white line, confirming thus
a slight oxidation state variation of tungsten upon intercalation. This was shown by Principal
Component Analysis, where an interesting trend of two related species was depicted upon
cycling of Li and Na HTBs. Moreover, K HTB seems to present only a surface capacitive
behavior where no energy changes could be detected by XANES, thus neglecting any

pseudocapacitive behavior.
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IVV.6. Conclusions — Chapter 1V

This chapter presented an advanced electrochemical study and several in situ and
operando characterization techniques. They were used to understand better the charge storage

mechanism of the hexagonal tungsten bronzes of lithium, sodium, and potassium.

In the first section, the deconvolution of the main contributions for storing charge was
made. It was found that both capacitive and diffusion-controlled predominate for Li and Na
HTBs. In contrast, for K HTB, this study could not have been completed. However, it should
not be taken lightly since the capacitive adds a pseudocapacitive participation, implying a
charge transfer not limited by diffusion. Moreover, the shape of the cyclic voltammograms for
Li and Na HTBs clearly indicates more a faradaic response in addition to a possible
pseudocapacitive one. On the other hand, K HTB only reflects a most likely surface capacitive
mechanism with no pseudocapacitive contribution as the normalized surface capacitance

showed, comparable to those of metals with an electric double-layer behavior.

EQCM was presented in the second section. A relationship between the faradaic
response observed in the CVs for Li and Na HTBs and the intercalation of Li* was further
investigated. Li* cations are not being intercalated alone. They are accompanied by about 0.5
and 1.1 moles of water for Li and Na HTBs, respectively. As aforementioned in chapter Ill,
there is a relationship between the concentration of Li* in the electrolyte and the feasibility of
Li* to be desolvated and then intercalated into the lattice of the material. Thus, EQCM confirms

the Li* intercalation into the HTBs in a water-based electrolyte at a moderate rate.

Both electrochemical and EQCM studies were performed in aqueous electrolytes. Later
in the text, in situ X-ray diffraction was used to follow the evolution of the cell parameters
during charge/discharge cycles in an organic-based electrolyte. It was found that the cell
parameters are related to reversible Li* intercalation/deintercalation. During Li* intercalation,
the a and b cell parameters lengthen, and the ¢ parameter shortens. Thus, it was assumed that
the intercalated Li* occupy the available trigonal/hexagonal crystallographic sites of the HTBs.
This was demonstrated for Li and Na HTBs. On the other hand, the X-ray patterns of K HTB
did not show any significant shift in the cell parameters. Therefore, it confirms the absence of
an intercalation mechanism for this material, as indicated by the already seen quasi-rectangular
CV shape.
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Finally, to give further support and understanding on such interesting WO3 hexagonal
phases, synchrotron operando XAS studies were performed. We found a slight change in the
oxidation state of tungsten is obtained by the shift in energy, in eV, upon electrochemical
cycling. Notwithstanding that such a shift observed is very small, Principal Components
Analysis (PCA) confirmed two main components necessary to explain the XANES spectra for
Li and Na HTBs. These components were attributed to a more oxidized specie and a more
reduced one. This confirms that when Li" is intercalated into the lattice, the W cations are
possibly reduced, and when Li* deintercalates, the W gets re-oxidized in a fully reversible
process. In addition, the electrons related to the electrochemical response and the ones
associated with the energy shift of the W white line are comparable, demonstrating reliable

results of this study.

Moreover, it must be mentioned that thanks to PCA, these changes can be visible
considering that the electrochemical cycling takes only 10 min, charge/discharge included,
being much faster than standard battery-like materials and slower than pseudocapacitive
materials. In contrast, we can conclude that the K HTB only presents a possible surface
capacitive mechanism due to the lack of energy changes in the W white line, and confirming
thus, the results found electrochemically and by the in situ XRD study. Furthermore, PCA has
not provided straightforward results for this compound because the detection limit was close to

the signal-to-noise ratio.
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General Conclusion and Perspectives

Conclusions

This thesis aimed to investigate different multicationic tungsten-based oxides, to study
how the synthesis conditions will impact the desired phase, to fully characterize and to elucidate
the crystal structure, and more importantly, to explore their use as potential electrode materials
for fast energy storage devices. Furthermore, powerful non-conventional characterization

techniques were used to unravel their charge storage mechanism in aqueous electrolytes.

The first material explored was iron tungsten oxide in its form of Fe;WOs synthesized
for the first time by a low-temperature polyol mediated route, in addition to the classic high-
temperature ceramic synthesis. Different annealing temperatures were applied to the as-
synthesized powder, which initially resulted in an amorphous phase. The best electrochemical
performance was obtained for the sample annealed at 600 °C (FWO-600) as a negative electrode
in an electrochemical capacitor using aqueous 5M LiNO3 as the electrolyte. A specific and
volumetric capacitance of 38 F.g—1 and 240 F.cm—3 were obtained when cycled at 2 mV.s—1,
respectively. Moreover, a quasi-rectangular shape corresponding to a pseudocapacitive
behavior was depicted. This sample was characterized ex situ to understand such an interesting
behavior at long-term stability (up to 10,000 cycles at 20 mV.s—1), which is not very common
for supercapacitors oxide materials. All the experiments performed demonstrated that the
morphology, crystallographic structure, and magnetic properties were not affected by the
electrochemical cycling nor simple prolonged soaking in the electrolyte. No partial dissolution
at the surface of the particles nor Fe?* formation could be detected. Thus, we confirmed the

relatively good stability of the material.

Moreover, an interesting crystallographic study of the high-temperature form of the
FeoWOg powder was performed. We found an incommensurately modulated structure
providing an additional understanding of the crystal structure of A2BOe-type polycrystalline
compounds, which may be beneficial for future research to determine the structure-property
relationship of analogous compounds. In conclusion, Fe,WOs material represents an option of
a multicationic oxide exhibiting exciting pseudocapacitive performance in terms of density,

volumetric capacitance, and long-term cycling behavior.
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The second part of this thesis was related to the study of the hexagonal tungsten bronzes
(HTBs) AxWOs (with A= Li, Na, and K and 0<x<0.33. The size of the alkali cation explains
the growth of the particles in nanorods/nanowires like morphology in hydrothermal synthesis
conditions. The larger the cation, i.e., K*, the thinner the wires will be. On the other hand, the
smaller the cation, i.e., Li*, the broader and spiky the rods will be. In the case of Na*, the

particles acquired much higher uniformity, as was shown in both SEM and TEM images.

Nonetheless, Li and Na HTB present the same SSA when compared to K HTB.
Additionally, the Rietveld refinement and the chemical and thermal analysis studies revealed
the general formulas: Lio.167WO3.083(H20)0.25, Nao.276WO3.139(H20)0.083, and Ko33WO3, for the
Li, Na, and K compounds, respectively. Moreover, a new model of the atomic arrangement
along the ¢ axis was proposed for the Na HTB. Such a model, different from the already
published one, is consistent in terms of Na-Na, Na-O, and O-O distances and presents a good
agreement with the Na amount determined by EDX analysis. Contrary to Li and Na HTBs, the
Ko.33WO3 compound presents a doubled ¢ parameter, and W atoms with an oxidation state of

5.67%, resulting in more distorted WOg octahedra.

There is a strong relationship between the structure of the HTBs and electrochemical
performance. Both Li and Na compounds exhibited similar structural features as well as very
similar electrochemical signatures. They showed a faradaic CV shape with clear redox peaks
indicating the intercalation of Li* into the structure. The capacity values obtained for such
phases were 71 and 63 C.g%, respectively. On the other hand, K HTB resulted in a quasi-
rectangular shape attributed to a capacitive behavior of 29.5 C.g™. Moreover, the critical ratio
of H2O/Li* was put on evidence when both Li and Na HTBs were tested in different

concentrations of LiINOs and water-in-salt electrolyte.

Furthermore, a kinetic study deconvoluting the main charge contributions was carried
out to better understand the charge storage mechanism. We found that both capacitive and
diffusion controlled predominate the charge storage. However, it should not be taken lightly
since the capacitive adds pseudocapacitive participation, which involves a charge transfer non-
limited by diffusion. Moreover, the shape of the cyclic voltammograms for Li and Na HTBs
indicated a faradaic response plus a possible pseudocapacitive one. On the other hand, K HTB

only reflects a possible capacitive mechanism.

EQCM analysis put on shreds of evidence that Li* are being intercalated accompanied

by 0.50 and about 1.06 moles of water for Li and Na HTBs, respectively. This agrees with the
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possible desolvation process taking place at the electrode/electrolyte interface to make it easier
for the Li* to go inside the lattice. In addition, in situ X-ray diffraction studies confirmed Li*
cations can go inside the structure from the c direction for Li and Na HTBs. On the other hand,
for K HTB, no intercalation mechanism was confirmed as the quasi-rectangular CV shape

indicated.

Finally, synchrotron operando XAS analyses were performed on the HTBs. With such
a powerful technique, we confirmed the changes in the oxidation state of tungsten attributed to
the shift in energy, in eV, upon electrochemical cycling. Even though the shifts in energy are
small, PCA confirmed the main components necessary to explain the XANES spectra. These
components are attributed to a more oxidized species and a more reduced one. This confirms
that when Li* gets into the lattice, W cations are reduced, and W gets re-oxidized when Li* goes
out. Thanks to PCA, these changes can be visible, taking into account that the electrochemical
cycling is taking only 10 min, charge/discharge included, times much faster than a standard
battery-like- material and a bit slower compared to a standard battery-like- to a

pseudocapacitive material.

In conclusion, we showed a complete study in solid-state chemistry combined with
electrochemistry in this thesis. We used conventional and not conventional characterization
techniques to shed light on the charge storage mechanism of multicationic tungsten-based

oxides as electrode materials for electrochemical capacitors or high-rate batteries.

Perspectives

The hexagonal tungsten bronzes showed exciting structural and electrochemical
properties. We observed the growth of the nanorods-like particles along the c direction, where
the intercalation of Li+ takes place, proved by in situ XRD and operando XAS. In order to
decrease the diffusion length for the cation intercalation, ball milling could be executed to break
nanorods and evaluate if the electrochemical performance would improve. Hard ball milling

and soft ball milling could be tested to evaluate the degree of particle break.

We performed the EQCM study in collaboration with Toulouse’s group. We carried out
several experiments in our lab, adjusting the adequate setup and calibration parameters to obtain

reliable results. Unfortunately, we failed, and opportunely we sent the samples to the
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CIRIMAT. EQCM is an exciting technique for studying the electrode/electrolyte interfaces in

aqueous electrolytes. It would be beneficial for our group to keep developing this setup.

Similarly, we were able to perform in situ XRD in an organic electrolyte setup. We
could design a specific in situ electrochemical cell to experiment with water-based electrolytes
from a future perspective. Moreover, to follow the rapid evolution of the possible changes in

the active material, synchrotron operando XRD could be performed.
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Oxydes multicationiques a base de tungsténe comme matériaux d'électrode pour les
dispositifs de stockage d'énergie a haute puissance.

Mots clés : condensateurs électrochimiques, oxydes pseudocapacitifs, tungstate de fer, bronze de

tungsténe hexagonal, in situ, operando

Résumé : Les condensateurs électrochimiques
sont des dispositifs de stockage de I'énergie
caractérisés par une capacité de puissance
élevée. Leurs performances  dépendent
principalement  des propriétés physico-
chimiques et de la structure cristallographique
de leurs matériaux d'électrode. Un fort intérét
pour les matériaux a base d'oxydes présentant
un comportement pseudo-capacitif a récemment
émergé en raison de leur densité d'énergie
potentiellement plus élevée que les matériaux a
base de carbone activé utilisés dans les
dispositifs commerciaux.

De plus, il est nécessaire de rapprocher les
performances entre les  condensateurs
électrochimiques et les batteries afin d’obtenir
des dispositifs possédant a la fois des densités
de puissance et d'énergie élevees.

Cette these visait a étudier différents oxydes
multicationiques a base de tungsténe en tant
que potentiels matériaux d'électrode négative
pour des dispositifs de stockage d'énergie
rapides, tels que Fe:WOg et des bronzes de
tungsténe hexagonaux, AWOs3 (A = Li*, Na* et
K*).

Leur synthése, leur caractérisation structurale et
leurs propriétés électrochimiques ont été
étudiées, en utilisant des techniques originales
telles que 'EQCM ou du XAS en conditions
operando afin de mieux comprendre les
mécanismes de stockage de charges se
produisant dans ces composés, combinant des
concepts de chimie du solide et d'électrochimie.

Multicationic tungsten-based oxides as electrode materials for fast energy storage devices.

Keywords: electrochemical capacitors, pseudocapacitive oxides, iron tungstate, hexagonal

tungsten bronze, in-situ, operando

Abstract: Electrochemical capacitors are
energy storage devices characterized by a high
power ability. Their performance depends
mainly on the physical, chemical properties and
crystallographic structure of their electrode
materials. The interest in oxide-based materials
exhibiting a pseudocapacitive behavior has
recently increased due to their possible high
energy density compared to standard carbon-
based materials used in commercial devices.
Additionally, the gap between electrochemical
capacitors and batteries needs to be reduced in
order to reach high-rate devices delivering both
high power and energy densities.

This thesis aimed to investigate different
multicationic tungsten-based oxides as potential
electrode materials for fast energy storage
devices, such as Fe:WOs and hexagonal
tungsten bronzes, AAWO; (A=Li*, Na® and K*).

Their synthesis, structural characterization and
electrochemical properties were investigated,
using original techniques such as EQCM and
synchrotron operando XAS in order to fully
understand the charge storage mechanism
occurring in these compounds, combining solid
state chemistry and electrochemistry concepts.



