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Titre: Cristallochimie d’Oxyphosphates Fluorés de Vanadium :
De ’Etude de leur Structure a leurs Performances en Batteries
Na-ion

Résumé:

Les batteries Na-ion se développent comme une nouvelle alternative aux batteries Li-ion.
Parmi le grand nombre de matériaux déja étudiés a 1’électrode positive, NazV2(POa)2F3
et Na3(VO)2(PO4)2F sont les plus performants grace a des capacités théoriques élevées,
des potentiels d’extraction des ions Na* élevés, et la stabilité de la structure lors de
cyclages longues durées. De plus, la structure et les propriétés électrochimiques des
matériaux NasV2(POa)2F3 et Nas(VO)2(POs)2F peuvent étre modulées par un effet de
substitution cationique ou anionique. Ce travail de thése a pour but d’explorer la
cristallochimie de nouveaux matériaux dérivés de NazV2(POa)2F3 et Naz(VO)2(POa4)2F.
Dans un premier temps, différents modes de synthese (voies tout solide, céramique
assistée par sol-gel, et broyage mécanique) sont explorées pour réaliser des substitutions
cationiques et anioniques. La structure tridimensionnelle a longue distance de ces
matériaux est déterminée par diffraction des rayons X synchrotron, tandis que les
environnements locaux sont ensuite décrits finement en combinant des techniques de
spectroscopies (résonance magnétique nucléaire a 1’état solide, absorption des rayons X,
et infra-rouge) dont I’interprétation est appuyée par des calculs théoriques. Les
diagrammes de phases et les processus d’oxydoréduction impliqués lors des réactions de
dés-intercalation et de ré-intercalation des ions Na* de la structure hote sont étudiés pour
chacune des compositions, operando (cad. lors du fonctionnement de la batterie) en
diffraction et absorption des rayons X synchrotron. Une compréhension des mécanismes
structuraux et redox impliqués au cours du cyclage permet d’identifier les limitations de
ces phases et de nous guider pour proposer des nouveaux matériaux dérivés présentant de

meilleures performances.
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Batteries Na-ion Matériaux polyanioniques
Diffraction des rayons X RMN de I’état solide

Calculs DFT Absorption des rayons X synchrotron



Title: Crystal Chemistry of Polyanion Vanadium Fluorinated
Oxy-phosphates: From  Atomic Local Structure to
Electrochemical Performance in Na-ion Batteries

Abstract:

Na-ion batteries are currently developed as a future alternative to the conventional Li-ion
batteries. Among all the polyanion materials studied as positive electrodes for Na-ion
batteries, NazV2(PO4)2Fz and Na3z(VO)2(POs)2F are the two promising compositions
thanks to their high theoretical capacity, high Na*-extraction voltage, and especially the
high stability of their structural framework upon long-term cycling. Furthermore, the
crystal structure and the electrochemical properties of these materials can be greatly
modulated through an effect of cationic or anionic substitution. This PhD work aims at
exploring the diversity in crystal chemistry of NazV2(POa)2F3, Naz(VO)2(POs)2F and their
derivatives obtained through different synthesis methods. The three-dimensional long
range crystal structure of these phases is determined by the use of high resolution
synchrotron X-ray powder diffraction whereas their local atomic and electronic structures
are investigated through a combination of solid-state nuclear magnetic resonance
supported by first-principles theoretical calculations, synchrotron X-ray absorption
spectroscopy and infrared spectroscopy. Thereafter, the phase diagram and the redox
processes involved in the Na* deintercalation and intercalation are established thanks to
operando synchrotron X-ray diffraction and absorption. An in-depth understanding on
the crystal structure as well as the involved redox couples for each composition helps us
to determine the limitations of these vanadium fluorinated oxy-phosphates and sheds light

to the development of new materials with better performance based on their structure.

Keywords:

Na-ion batteries Polyanion materials
Synchrotron X-ray diffraction Solid-state NMR
DFT calculations Synchrotron X-ray absorption
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Résumé de la these

Aujourd’hui les batteries Li-ion se développent comme un moyen essentiel pour
stocker 1’énergie. La naissance des batteries Li-ion remonte aux années 1980s avec la
grande contribution de John Goodenough, Stanley Whittingham et Akira Yoshino, et ces
travaux ont été récompensés récemment par le Prix Nobel de la Chimie en 2019.
Aujourd’hui les batteries Li-ion peuvent étre utilisées pour alimenter des téléphones et
ordinateurs portables ou encore des voitures électriques. L’intérét pour des batteries Li-
ion est en pleine croissance grace au développement des energies renouvelables avec
I’objectif de les utiliser pour alimenter des appareils portables par le biais de batteries Li-
ion. Malgré ce succes et les avancées de ces derniéres années, il existe beaucoup
d’inquiétudes sur le futur de la technologie Li-ion. En effet, ’élément lithium est peu
abondant, il représente seulement 20 ppm de 1’écorce terrestre. Les ressources de Li sont
également trés mal réparties sur la planéte avec 80% et 17% d’entre elles localisées
respectivement en Amérique du sud et en Chine. En Europe, il n’y a pas d’importants
gisements de Li qui pourraient étre utilisés pour la fabrication des batteries Li-ion. Enfin,
la plupart des matériaux d’électrode positive pour batteries Li-ion contiennent du cobalt
avec 63% des ressources localisées au Congo : la situation tres instable de ce pays a
conduit récemment & une augmentation considérable de son prix. La criticité de ces
¢léments a mis la pression sur le développement d’autres technologies de stockage de

I’énergie.

Les batteries Na-ion se développent comme une nouvelle alternative aux batteries
Li-ion et elles présentent beaucoup d’avantages par rapport a leurs analogues au Li. Le
sodium représente environ 2.8% de 1’écorce terrestre et est présent partout sur la planéte.
De plus, les batteries Na-ion peuvent étre déchargées a 0 V et donc étre stables dans ces
conditions pendant une longue durée. Par conséquence, les batteries Na-ion peuvent étre
stockées longtemps a 0 V sans dégradation de leur capacite, et transportées a 0 V en

¢liminant tous les risques d’inflammation ou d’explosion.

Une batterie Na-ion se compose d’une électrode négative, d’un électrolyte et
d’une électrode positive. Le matériau d’électrode négative utilisé dans les batteries Na-
ion est le carbone dur, mais le développement d’autres matériaux de type alliages est

également considére. Un électrolyte classique pour les batteries Na-ion se compose d’un



sel de sodium ion, par exemple NaPFs, dissous dans un mélange de solvants organiques
de type carbonates. Un grand nombre de matériaux est actuellement étudié a 1’électrode
positive pour batteries Na-ion, et parmi eux les plus intéressants sont des oxydes

lamellaires et des matériaux polyanioniques.

Les oxydes lamellaires sont attractifs et sont d’ailleurs actuellement utilisées dans
des batteries Na-ion développées par deux start-ups, Faradion (UK) et HiNa (Chine). La
capacité délivrée par ces oxydes peut étre élevée pour des compositions bien définies en
métaux de transition. La mobilité des ions Na* dans cette structure hote est également
excellente dans des domaines de composition en Na*, et donc dans des domaines de
potentiel bien définis. Néanmoins, ces composés peuvent difficilement étre stockés a 1’air
ou dans un environnement humide. Par contre, les structures polyanioniques sont stables
dans des conditions similaires et les potentiels des réactions de dés-intercalation et de ré-
intercalation des ions Na" peuvent étre modulés par 1’effet de polarisation, et parfois
dépasser significativement ceux des oxydes lamellaires. La capacité des polyanioniques
est par contre plus faible du fait de leur masse molaire élevée, ils ne sont donc pas idéaux
pour des applications de type énergie, sauf pour des applications de stockage pour

lesquelles le volume n’est pas un critére rédhibitoire.

Ils existent différentes catégories de composés polyanioniques selon la nature du
I’anion : phosphates, silicates, sulfates, fluoro-phosphates ... Leur structure peut
également étre tres variable selon leur composition et la connexion entre les polyédres.
NasV3*2(PO4)2F3 est le matériau polyanionique le plus performant en batteries Na-ion,
grace a sa capacité théorique élevée, ses potentiels d’extraction des ions Na* élevés, et la
stabilité des performances lors de cyclages longues durées et a régimes élevés. Une
batterie utilisant NasV2(POa)2F3 a 1’électrode positive peut fonctionner jusqu’a 8000
cycles avec une modeste perte de sa capacité, comme cela a été démontré initialement par
le CEA et plus recemment par la start-up francaise TIAMAT qui développe la technologie
C//NazV2(POa)2Fs.

La structure de NazV2(POa)2F3 est construite par une interconnexion entre des bi-
octaédres V.OgF3 et des tétraédres POs. Chaque bi-octaedre V2OgFs, ou bien
F—VO:—F—VO:—F, se compose de deux octaedres VO4F; tels que les quatre oxygenes
sont en plan carré et les deux fluors sur les positions axiales. Les deux octaédres VO4F
partagent un fluor. Les ions Na* sont localisés dans des tunnels situés dans les plans

cristallographiques z = 0 et z = %, et leur distribution varie avec la température. A la



température ambiante, cette distribution impose une distorsion orthorhombique de la
structure qui est décrite dans le groupe espace Amam. L’augmentation de la température
jusqu’a 127°C induit une mobilité croissante des ions Na* qui sont distribués sur des
anneaux situés dans les tunnels au-dessus et en-dessous des bioctaedres. Cette
redistribution des ions Na* s’accompagne d’une transition de phase, la structure de
NasV2(POa4)2F3 est alors décrite dans le groupe espace P4./mnm (maille tétragonale)
Concernant des propriétés électrochimiques, deux ions Na* peuvent étre dés-intercalés a
3.7 et 4.2 V vs. Na*/Na donnant une capacité de 125 mAh-g. En utilisant la diffraction
des rayons X (DRX) en mode operando, Bianchini et al. ont rapporté la complexité et
I’existence de plusieurs phases intermédiaires au cours de la charge/décharge entre
NazV2(POa4)2F3 et NaV2(POs)2Fs. La formation de ces phases intermédiaires est une
conséquence de la réorganisation des ions Na* au sein des tunnels dans les phases
NaxV2(PO4)oF3 (x = 2.4, 2.2, 2.0, 1.8, 1.3 et 1.0) pour minimiser les répulsions
électrostatiques et leurs énergies totales. Plus particulierement, un affinement de type
Rietveld réalisé sur la phase NaV2(POs)2F3 a permis de montrer que les environnements
locaux des deux vanadiums dans un bi-octaédre ne sont plus équivalents a la fin de la
charge : I'un est symétrique tandis que 1’autre est trés distordu. Une étude menée
operando (lors du fonctionnement de la batterie) par spectroscopie d’absorption des
rayons X (XAS) associée a la caractérisation de la composition Nai+sV2(POa4)2F3 par
spectroscopie de résonance magnétique nucléaire (RMN) de >V a révélé I’existence de
paires F—V3*0,—F—V°*0,—F, en bon accord avec les informations obtenues par

I’analyse de diffraction des rayons X (environnements et valences des ions vanadium).

Malgré la présence de trois ions Na* dans NazV2(POa)2F3, seulement deux d’entre
eux peuvent participer réversiblement aux réactions électrochimiques. En effet, la dés-
intercalation et ré-intercalation du troisiéme ion Na* n’a jamais été rapportée, ni par une
voie chimique ni par la voie électrochimique. Une instabilité de la structure est observée
en batterie a haut potentiel, ou en solution en utilisant un oxydant fort tel que NO2BF4.
Des calculs théoriques réalisés par le groupe de Ceder ont également démontré que le
potentiel requis pour la des-intercalation du troisieme ion Na™ de NazV2(POa)2F3 est trés
élevé, hors du domaine de stabilité des électrolytes actuellement disponibles, et que
I’ordre de Na*/lacune est tellement stable qu’il s’accompagne d’une forte diminution de
la mobilité des ions au sein de la structure. Par conséquence, une grande énergie

d’activation est requise pour casser cet ordre de charge et pour extraire le troisieme ion



Na* de NasV2(POs)2Fs. La substitution cationique est 1’'une des voies envisagées,
notamment dans le cadre de cette thése, pour casser cet ordre de charge et ainsi diminuer
la valeur de 1’énergie d’activation requise pour I’extraction du troisiéme ion Na*. Cette
hypothése est soutenue par les résultats que nous avons obtenus pour les phases
NazV2(POs)2F34Oy (0 <y < 2), dérivées de Na3V2(POa)2F3 avec une substitution partielle
de ’oxygene au fluor. Les atomes de fluor terminaux appartenant aux biocta¢dres V2OgF3
peuvent étre substitués, au contraire du fluor pontant les deux octaédres. Cette substitution
anionique conduit pour la compensation des charges a ’oxydation du vanadium V3* en
V4" avec la formation de liaisons vanadyle (V4*=0). Le potentiel d’extraction des ions
Na* diminue avec une augmentation du taux de substitution oxygene/fluor, et le potentiel
le plus bas est observé pour la phase Nas(VO)2(POas)2F pour laquelle tous les ions
vanadium sont a I’état tétravalent et engagés dans des liaisons vanadyle. Malgré un grand
nombre de publications sur les phases NazV2(PO4)2Fs3-,Oy, ils restent encore beaucoup de
points interrogations spécialement sur la nature des échantillons rapportés dans la
littérature, les environnements locaux des atomes et les processus redox impliqués lors
des réactions de des-intercalation et de ré-intercalation. J’ai exploré ce systéme afin
d’établir une connaissance pointue de la relation composition - structure - propriétés et de
lever les contradictions rapportées sur le systtme NazV2(PO4)2F34Oy (0 <y < 2) en
comparant leur structure moyenne a longue distance a la structure locale par une approche
multi-échelle en combinant des techniques de diffraction a haute résolution et de
spectroscopies (XAS, RMN et infrarouge) a des calculs théoriques. Grace a cette
approche, une compréhension complete de la structure et des processus redox mis en jeu
lors du fonctionnement de la batterie est accomplie. De plus, différents types de
substitution, cationiques et mixtes (cad. simultanément cationiques et anioniques), ont été
explorées pour les phases NazV32(POs)2Fs et Nag(V4*0)2(POs)2F. Pour chacune des
compositions obtenues, les structures moyennes et locales ont été déterminées finement,
et les évolutions structurales et processus redox mis en jeu au cours du cyclage ont aussi
¢été étudiés par des techniques avancés. Mon travail de thése a ét¢ consacré a I’exploration
a la fois de la richesse et de la complexité de la structure de type NazV2(POa4)2F3, mais
aussi a la compréhension de I’influence de la substitution cationique et/ou anionique sur

les propriétés physico-chimiques et électrochimiques de NazV2(POas)2Fs3.

Les résultats obtenus durant ces trois annees peuvent étre divisés en trois

chapitres : (1) Effets de la substitution anionique sur la structure et les propriétés



électrochimiques de NasV2(POas)2F3, (2) Une étude de la structure atomique et
électronique locale de la série de composés appartenant a la famille NasV2(POs)2F3 —
Naz(VO)2(POs)2F, en utilisant la spectroscopie de résonance magnetique nucléaire
couplée des calculs théoriques et (3) Effets de la substitution cationique sur la structure
et les propriétés physico-chimiques et électrochimiques de NaszV2(POs)Fz —
Naz(VO)2(POa)2F en batteries au sodium.



Effets de la substitution anionique sur la structure et les propriétes

électrochimiques de NazV2(POa)2F3

NazV2(POa)2F3 et Naz(VO)2(PO4)2F sont les compositions limites d’une famille
de matériaux de composition NazV2(POas)2F3,Oy (0 <y < 2) ou les atomes de fluor
occupant les positions apicales des bi-octaédres V20gFz dans la phase NazV2(POs)2F3
peuvent tre substitués par des atomes d’oxygeéne pour former des liaisons vanadyle trés
covalentes. Lors de la synthese de NasV2(POa)2F3, la substitution de 1’oxygéne au fluor
peut avoir lieu facilement si I’atmosphére de la réaction contient des traces d’oxygene :
tres souvent, les compositions rapportées dans la littérature comme étant NasV2(POa)2F3
sont en fait des phases oxygénées NasV2(PO4)2F3-50s, parfois trés oxydées. Cette
substitution partielle est inévitable, au moins en trés faibles proportions. En effet, des
analyses thermogravimétriques couplées a la spectrométrie de masse ont été réalisées sur
un mélange (2 VPO4 + 3 NaF) sous atmosphére d’argon et ont révélé une perte de fluor
dés 450°C.

Dans ce travail de these, une série de phases oxy-phosphates fluorés de vanadium

a été synthétisée par une voie solide selon la réaction :

(2- %) VPO, + % VOPO, + (3— g) NaF + % Na,CO3 —> NasV3*2, V4, (PO4)F3,0y + % “COFy”

(avec 0<y<2)

L’¢échantillon obtenu contient de faibles teneurs en impuretés qui sont solubles dans 1’eau.
Par une analyse combinant DRX, RMN et IR, nous avons démontré que toutes les phases
NazV3*2\V**,(PO4)2F3.,0y sont stables dans I’eau et qu’elles peuvent donc étre utilisées
pour des formulations d’¢électrode en voie aqueuse ou encore a 1’électrode positive de

batteries aqueuses.

A température ambiante, la structure de NazV2(POa)2Fs est décrite dans le groupe
d’espace Amam avec une distribution des ions Na* sur trois sites cristallographiques
différents, a I’origine de la distorsion orthorhombique de la maille. En substituant les
atomes de fluor par des atomes d’oxygene, la distribution des ions Na™ dans les tunnels
évolue avec une répartition de ceux-ci sur un anneau, la disparition progressive de la
distorsion orthorhombique et une évolution linéaire des parametres de maille pour la
solution solide NazV2(PO4)2F3 — Naz(VO)2(POs)2F. Une surstructure a été observée pour
la composition Na3(VO)2(POas)2F, en raison d’un ordre Na'/Lacune spécifique. Une

maille de symétrie monoclinique décrite dans le groupe d’espace P2:/m combiné & un



vecteur de modulation q = %2 b* + % c* a été proposee pour décrire la structure de cette

phase.

Bien qu’une évolution linéaire des parameétres de maille est observée pour cette
famille de matériaux, selon notamment leur état de cristallisation il peut étre difficile de
les différencier finement et de détecter la distorsion orthorhombique par diffraction des
rayons X de laboratoire. La spectroscopie RMN du 2Na et du 3'P a 1’état solide s’est
révélée plus pertinente pour quantifier finement le taux de substitution de 1’oxygene au
fluor, notamment lorsqu’il s’agit de faibles teneurs. Ces résultats sont détaillés dans le
chapitre 2. La spectroscopie IR permet également de détecter directement la présence de
liaisons vanadyle car elles sont associées a des bandes intenses dans le domaine de
nombres d’onde 900 — 1000 cm™, selon la covalence de la liaison. Deux bandes de
vibration ont été observées pour toutes les compositions intermédiaires NazV2(POa)2Fs-
yOy (0 <y < 2), I"une correspond a celle observée pour Naz(VO)2(POa)2F et donc a la
vibration de liaisons vanadyle dans le bi-octaédre O=V**0,—F—V*'0,=0 tandis que
I’autre correspondrait a la vibration d’une liaison vanadyle dans un bi-octaédre
F—V3**0,~F—V*04=0. Cette derniére est d’ailleurs observée pour les faibles taux de
substitution, et reflete donc plut6t la preésence de défauts isolés de type vanadyle.
L’intensité relative entre les deux vibrations permet de réaliser une analyse semi-

quantitative pour déterminer le taux de substitution fluor/oxygene.

Deux ions Na* peuvent étre extraits et ré-intercalés réversiblement dans un
domaine de potentiel de 2.5 — 4.3 V par rapport au couple Na*/Na pour toutes les
compositions NazV2(PO4)2F34Oy (0 <y < 2), et cette réaction met en jeu une série de
réactions bi-phasées avec la formation de phases intermédiaires pour les deux
compositions extrémes NaszV2(POa.)2F3 et Nasz(VO)2(POas)oF. Pour toutes les autres
compositions, des réactions de type solutions solides ont été observées. Le potentiel
associé a I’extraction des ions Na* est abaissé suite a la substitution fluor/oxygeéne, le
potentiel du couple V>*=0/V**=0 est donc observé significativement plus bas (a 3.6 et
4.0 V) que celui du couple V¥*—F/V3*—F (3 3.7 et 4.2 V), ce qui s’explique par « I’effet
de polarisation inversee » impose par la formation de la liaison vanadyle sur le site de
\Vaus

En augmentant le potentiel de la fin de la charge jusqu’a 4.8 V par rapport au

couple Na*/Na, une capacité supplémentaire correspondant a 1’extraction partielle du



troisieme Na* de NasV2(POa)2F3 a été rapportée par Yan et al., mais seuls deux d’entre
eux peuvent étre ré-intercalés en décharge dans une structure modifiée irréversiblement.
Un suivi operando au cours du cyclage de la batterie Na//NazV2(POa)2F3 a été réalisé en
absorption des rayons X sur la ligne ROCK au synchrotron SOLEIL au cours de ma these.
Tous les spectres XAS obtenus ont été analysés par chimiométrie. Quatre composantes
se sont révélees indispensables pour décrire ce systéme. Une analyse de la structure locale
a été réalisée par EXAFS (Extended X-ray Absorption Fine Structure) et a suggéré qu’il
n’y aurait pas d’oxydation des ions vanadium a haut potentiel, mais que leur
environnement local serait néanmoins largement modifiés du fait d’une forte distorsion,
maintenue jusqu’a la ré-intercalation des ions Na* jusqu’a un potentiel de fin de décharge
de 2.0 V.

Pour les phases NasV2(POs)2F15015 et NaszVz(POs)2F20, une capacité
supplémentaire (au-dela de la désintercalation de deux ions Na*) a également été observée
a haut potentiel, cette fois, sans impact sur la réversibilité de la réaction électrochimique.
Les analyses XAS (XANES et EXAFS) réalisées en mode operando ont démontré qu’il
n’y a pas d’oxydation des ions vanadium & haut potentiel et pas de modifications
structurales a 1’échelle locale dans ces conditions « extrémes ». La substitution partielle
de I’oxygene au fluor et la formation des liaisons vanadyle permettent donc de stabiliser

ces phases a I’état de surcharge de la batterie.

Une étude de la structure atomique et électronique locale de la série de
composés appartenant a la famille NasV2(POa4)2Fs - Nas(VO)2(POs)2F, en utilisant la
spectroscopie de résonance magnétique nucléaire couplée des calculs théoriques.

Toutes les phases NasV2(POa)2F3.yOy (0 <y < 2) obtenues ont été étudiées par
RMN du solide des noyaux 2®Na et *'P. Pour la phase NazV2(POa)2Fs3, le spectre RMN du
31P montre un seul signal & 6000 ppm qui correspond & I’environnement local P(OV3*),
tandis qu’un signal 4 0 ppm qui correspond a I’environnement local P(OV**)s a été
enregistré pour Naz(VO)2(POa)2F. Pour toutes les phases de compositions intermédiaires
NasV2(POa)2F34Oy (0 < y < 2), cing résonances du 3P ont été observées a 6000 ppm,
4500 ppm, 3000 ppm, 1500 ppm et 0 ppm et correspondent aux environnements locaux
P(OV3")4, P(OV3)3(0OV*), P(OV3*)(OV*),, P(OV3)(OV*)s, et P(OV*)a. La présence

d’un ion V3 autour d’un noyau phosphore contribue donc & un déplacement de 1500 ppm



du signal RMN du 3P, et cette hypothése a pu étre confirmée par des calculs théoriques

basés sur la théorie de la fonctionnelle de la densité (DFT).

Les résultats de ces calculs théoriques ont démontré que les ions V3* présentent
dans ces phases résident dans un environnement octaédrique symétrique et les deux
électrons célibataires occupant les orbitales de type tog participent via les orbitales dy; et
dy; a des interactions de type dx./dy; (V**) — p- (O) — sp? (P) qui permettent un transfert de
spins électroniques de V3* au noyau du phosphore. Cette interaction de Fermi induit, a
chaque fois, un déplacement de 1500 ppm sur le noyau du phosphore. L’environnement
local autour de I’ion V#* est par contre trés distordu suite a la formation de la liaison
courte de type vanadyle, dans ce cas l’¢lectron célibataire de cet ion localisé¢ dans

I’orbitale dxy ne peut pas étre transféré sur le noyau de phosphore.

Concernant la RMN du 2Na, pour NazV2(POa4)2Fs un seul signal correspondant a
I’environnement local Na(OV®'), a été observé a 140 ppm tandis que pour
Na3(VO)2(POa)2F un seul signal correspondant a I’environnement local Na(OV*#*); a été
observé a 80 ppm. Les trois signaux RMN du 2Na observés a 140 ppm, 100 ppm et 80
ppm correspondant donc respectivement aux environnements locaux Na(OV3),,
Na(OV3*)(OV*") et Na(OV*"), ont été observés pour toutes des phases NasV2(POas)zFs-
yOy (0 <y <2). L’intensité relative entre ces signaux RMN du >®Na peut étre utilisée pour

quantifier le taux de substitution fluor/oxygene.

Effets de la substitution cationique sur la structure et les propriétés physico-
chimiques et électrochimiques de NasV2(POa4)2F3 — Nas(VO)2(POs)2F en batteries au

sodium

La premiere partie de ce chapitre est dédiée a la démonstration de la mobilité
élevée des ions Na* dans la phase NasV2(POs)-F3 et a la possibilité de transformer cette
phase en conducteur des ions Li*, K*, ou Ag*. Les ions Na* de NazV2(PQOa)2F3 sont trés
mobiles et peuvent étre remplacés facilement par des ions Ag* grace a un échange ionique
dans une solution AgNOz3. Le matériau obtenu, AgsV2(POs)2F3, adopte la méme structure
que NazV2(POa4)2F3 et pourrait étre utilisé comme matériau actif a 1’électrode positive de
batteries Ag-ion. Des échanges ioniques Na*/Li* et Na*/K" avaient déja été rapportés. La

structure de type AsV2(POs)2F3 permet donc d’accommoder des ions de tailles trés



variables (de 0.72 A pour Li* a 1.15 A pour Ag*) avec une augmentation du volume de

maille et de la distorsion orthorhombique en passant de Li* a Na* puis a Ag"*.

Dans la deuxiéme partie, la substitution du Fe*" au vanadium dans la phase
Naz(VO)2(POa)2F a été réalisée par chimie-douce. Le choix s’est porté sur le fer car c’est
un élément abondant qui peut présenter plusieurs états d’oxydation. Le couple redox
Fe3*/Fe?" est bien connu pour étre actifs dans de nombreux matériaux d’électrodes de type
oxydes ou polyanioniques, de plus I’activation du couple redox Fe*'/Fe®* a été récemment
rapportée pour NaFeO,. L’activation du couple redox Fe**/Fe3* dépend trés fortement du
champ cristallin, en effet une « pression » chimique a 1’échelle locale est indispensable
pour permettre dans certains cas, trés rares, de rendre possible 1’oxydation des ions Fe®*
en Fe** a température ambiante par la voie électrochimique. La structure de type
NasM2(POa)2(F,0)3, qui peut présenter selon sa composition des environnements
MOa4(F,0), trés distordus, nous semblait propice a 1’activation du couple Fe*'/Fe®*. La
structure de la phase NaszFe(VO)(PO4)2F2 a été décrite dans le groupe espace P4>/mnm
avec seulement deux sites cristallographiques pour les ions Na*. Un seul ion Na* est
extrait lors d’un cyclage dans la fenétre de potentiel classiquement considérée 2.5 - 4.3 V
par rapport au couple Na*/Na, associé a I’oxydation de V#*=0 en V°*=0. La trés faible
polarisation observée lors de cette réaction électrochimique démontre que cette
substitution participe a une augmentation de la mobilité des ions Na* au sein de cette
structure héte. Un suivi de la réaction par diffraction des rayons X synchrotron en mode
operando au cours du cyclage d’une cellule Na//NasFe(VO)(POa)2F2 a révélé qu’il n’y
avait pas de formation de phases intermédiaires pendant la réaction, ce qui est comme
déja discuté en soi favorable a une mobilité rapide des ions car il n’y a pas d’ordres de
charges qui tendent a « figer » les ions et les électrons. En déchargeant la cellule
Na//NasFe(VO)(PO4)2F, a 1.5 V, la réduction des ions Fe** en Fe?* accompagnée par
I’insertion de 0.5 Na* a été mise en évidence, toutefois cette réaction a lieu a un potentiel
trop bas et de plus pénalisé par une énorme polarisation, pour pouvoir trouver sa place
dans des applications. Néanmoins, c’est la premiére fois que ’activation du couple redox

Fe3*/Fe?* a été rapportée dans cette structure.

Dans la troisieme partie, la substitution de I’aluminium a été réalisée par chimie-
douce dans les structures de NasV2(POs)2F3 et Naz(VO)2(PO4)2F. En utilisant les mémes
précurseurs mais en changeant le domaine de pH de la solution, deux familles de
matériaux NasV2-;Al,(PO4)2F3 (0 <z <0.5) et Na3(VO)2-:Al(PO4)2F1+, (0 <z < 2) ont été



obtenues. La substitution du V** par AI** est observée en milieu acide mais elle est limitée
a des taux de substitution de 25% avec la formation de la phase NasV1s5Alos5(POas)2Fs.
Toutes les compositions obtenues sont décrites dans le groupe d’espace Amam, la
distorsion orthorhombique étant notamment observée par la séparation des raies de
diffraction (400) et (040). Par contre, la substitution V4*=0 par AI**—F a lieu en milieu
basique et une solution solide est observee sur tout le domaine de composition avec une
évolution linéaire des paramétres de maille. Toutes les phases Naz(VO)2-:Al;(PO4)2F1+;
(0 <z <2) sont décrites dans la maille de symétrie quadratique dans le groupe d’espace
P4z/mnm. Dans les phases NasV2-:Al(PO4)2F3 (0 < z < 0.5) et Na3(VO)2:Al:(PO4)2F1+,
(0 <z <2), le nombre d’ions Na* qui peut participer aux réactions électrochimiques est
limité & (2 - z). Evidemment, la présence de I’ion AI®* en grande quantité se fait au
détriment de bonnes performances en batteries. Par contre, encore une fois la substitution
permet de supprimer toutes les phases intermédiaires observées au cours du cyclage de
NazV2(PO4)2F3 et Na3(VO)2(POa)2F. De plus, les potentiels d’extraction des ions Na* des
phases NazV1.5Alo5(PO4)2F3 et Naz(VO)1.5Alos(PO4)2F15 sont similaires respectivement
a ceux des phases non substituées, NasV2(POas)2F3 et Naz(VO)2(POs)2F, ce qui tend a
indiquer que I’interaction électronique entre les deux sites métalliques d’un bi-octaédre
est trés faible. Malgré I’effet défavorable de la substitution de I’aluminium au vanadium
sur les performances électrochimiques de ces matériaux, il sera important de considérer
I’impact d’un faible taux de substitution sur la stabilité chimique et thermique & haut
potentiel (dans un état de surcharge) des phases NazV2.;Al(POs)2F3 et Naz(VO)2-
2Al;(PO4)2F 1+, car pour certaines compositions cela permettrait d’améliorer le triptyque

potentiel - capacité réversible - stabilité, essentielle pour I’application.
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Chapter I - General Introduction

1.1. General introduction

.1.1. Lithium-ion batteries

In our modern society, electricity has become an essential part of our daily life. It
is not an exaggeration to say that our life quality has been improved significantly since
the discovery of electricity. Nowadays, there are several ways of electricity generation,
such as fossil fuel (coal, oil, gas), hydroelectric, wind turbines, geothermal, solar energy
or nuclear reaction. In France, more than 80% of the electricity production comes from
nuclear reaction. Recent researches have focused on the use of sustainable energy
generation approaches, such as solar energy, tidal energy or wind energy, however most
of these technologies rely significantly on intermittent sources and they should be coupled
with an energy storage system. Furthermore, an energy supplier is required for all the
mobile devices, including smartphones, laptops and electric cars. Many energy storage
systems were developed in recent years in order to supply electricity for mobile devices,
such as redox flow batteries, lead-acid accumulators, Ni-Cd accumulators [1-6]. In 1991,
Lithium-ion batteries (LIBs) were introduced into the market as an alternative energy
storage system and a great interest in the development of LIBs has been observed in the
last few years.

The discovery of Lithium element is dated back to 1817 by Johan August
Arfwedson. The Swedish chemist reported that the petalite ore (LiAlISi4sO10) contained a
new element whose binary and ternary compounds shared several similarities to that of
sodium and potassium. In 1818, the German chemist Christian Gmelin reported that
lithium salts gave a bright red color in a flame, however both Arfwedson and Gmelin
failed to isolate lithium in its pure form. It was up until 1821 that William Thomas Brande
succeeded to obtain lithium metal by electrolysis of lithium oxide. It took more than one
century since the discovery of lithium element to the development of the first lithium
battery [7].

The first battery using lithium metal as negative electrode was the lithium thionyl
chloride battery. This kind of battery used lithium metal as the negative electrode and
thionyl chloride (SOCIy) as the positive electrode. The advantages of the Li-SOCI, system
are the high energy density and its capacity to operate at temperatures as low as -55°C.

However, this kind of batteries is highly toxic and cannot be recharged [8,9].
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The development of LIB reached its golden state since the 1980s with the great
contributions from the work of John Goodenough, Stanley Whittingham and Akira
Yoshino, and these pioneering contributions were recognized by the Nobel Prize in 2019.
In his pioneering work, Whittingham has demonstrated the possibility to intercalate and
deintercalate Li* ions into/from the structure of TiS; in an “Li//TiS2” electrochemical cell
[10,11] and this was later considered as the first rechargeable lithium battery. The main
problems with the “Li//TiS2” electrochemical cell are the formation of Li dendrites upon
long-term cycling and the low operating voltage of sulfide materials. Goodenough
proposed to replace TiS; by LiCoO2, whose structure is similar to TiS; but the Li*
intercalation/deintercalation occurs at higher potential as compared to TiS2, and this
almost doubled the operating voltage of lithium batteries [12]. One of the greatest
achievements of LIBs is the use of graphite as negative electrode and lithium ions as the
charge carriers to construct a “rocking-chair” battery, which avoids the use of the lithium
metal which is highly reactive and can promptly form lithium dendrites upon cycling that
can trigger fire or explosion [13]. In 1991, Sony and Asahi Kasei released the first
commercialized LIBs. Since then, the development and utilization of LIBs grew up
rapidly, and now LIBs can be found in many portable devices, such as mobile phones and
laptops. LIBs were also developed to be used in electric vehicles. Many car companies,
such as Tesla, Nissan and Toyota, have developed their own electric cars using LIBs as
the energy suppliers. In 2019, Nissan introduced the 62 kWh battery package using
Lix(Ni,Co,Mn)O> layered oxide as positive electrode. These batteries can ensure a
cruising distance of 458 km and the battery capacity warranty guarantees 160000 km or
8 years [14].

The structure and the operation principle of a LIB are summarized in Figure 1.1.
A typical LIB is composed of two host networks served as negative and positive
electrodes, respectively. The typical negative electrode material for LIB is graphite
whereas a wide variety of materials can be used as positive electrode, such as layered
oxides and polyanion (mostly phosphate-based) frameworks [15]. An organic electrolyte
containing Li* salt in a mixture of carbonate organic solvents is usually used as a Li*
conducting medium. During charge, the Li* ions are extracted from the host structure of
the positive electrode in parallel to the oxidation of the transition metal ions. Due to the
electric field generated by the external system, the Li* ions from the positive electrode
migrate across the electrolyte and intercalate into the empty space between the graphene

layers in graphite structure, which is concomitantly reduced. During the following
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discharge, the battery returns to its equilibrium state involving the inverse reactions at
both electrodes: The Li* ions are extracted from the negative electrode material which is
oxidized, then move across the electrolyte and are reinserted into the host structure at the

positive electrode which is now reduced.
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Figure 1.1 : Structure of a Lithium-ion battery (Adapted from [16]).

Even though LIBs have attracted great interest from the scientific community as
well as from the growing market, several concerns have been raised about the sustainable
development of LIBs in the future as the lithium content in the Earth’s crust is rather low
(30 ppm) and the lithium resources are not equally distributed all over the world. Several
energy storage systems have recently been developed as possible alternatives to LIBs, but
before entering into details into the description of these systems, some important

definitions used in batteries field will first be given.

1.1.2. General definitions in batteries

Several definitions that are widely used in order to evaluate the performance of
electrode materials and batteries:

% Specific capacity Qm (mAh-g): corresponds to the amount of electric charges

that can be stored/delivered per mass unit of the active material. It can be calculated from

the following equation:

3.6-M
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With x = The number of exchanged electrons
F = The Faraday’s constant (96500 C-mol™)

M = The molar mass of the active material (g-mol™?)

% Open circuit voltage (V), also called as OCV or Voc, is the difference between
the Fermi level energy (AEF) of an electron locating in the 1s orbital of Lithium metal and
another one in the anti-bonding “nd*” states of the transition metal present in the positive

electrode material.

F-Voc = -AEF = L Negative electrode = L Positive electrode

The Fermi level energy of the positive electrode material depends on the nature of
the transition metal ion, its oxidation state as well as its surrounding ligands.

In Sodium-ion batteries, the Voc value is calculated versus Sodium metal.

% Electrochemical profile: This is a plot of the Voc value as a function of the
chemical composition (x value) of the electrode materials, which is determined by the

first derivative of the Gibbs free energy and obeys the variance rules:

1 dG(x) N rant
oc= ~7\ constan
v=C+2—-P

The variance, v, is the number of degrees of freedom of the system, C is the
number of the components involved in the electrode reaction and P is the number of
phases in equilibrium between them. In a Li*(Na")-intercalation or deintercalation
reaction, the system is composed of two components (Li*/Na* and the host structure) and
P can be either 1 or 2 depending on the mechanism of the reaction: monophasic (solid
solution) or biphasic. If the mechanism is monophasic (P = 1), the degree of freedom of
the system is three. On the other hand, the degree of freedom for a biphasic reaction (P =
2) is two. Nevertheless, when a battery is cycled at ambient conditions (e.g. temperature
and pressure are constant), two more degrees of freedom are removed from the system.
Therefore, under cycling conditions there will be no degree of freedom for a biphasic
system and the voltage remains unchanged during the alkali ion extraction and reinsertion.
The voltage profile (E = f(x)) shows the presence of a “plateau” during the whole

electrochemical reaction. For a solid solution reaction, the degree of freedom of the
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system is one, and hence the voltage profile will evolve continuously during cycling and

the E = f(x) profile will be sloping (“S-shape” profile).

< Energy density (Wh-kg™) : For a pure bi-phasic reaction, the energy density is
the product between the open circuit voltage and the specific capacity (E = Voc - Qm). In
most of the cases, the voltage is not a constant during the overall alkali extraction
(reinsertion) reaction and hence the energy density is calculated by the equation:

Xmax [+ V/, x
oc( )dx

E(Wh'kg_l):f 3.6-M

Xmin

The energy density value is independent of the time required to charge/discharge

the batteries.

% Cycling rate: By convention, the cycling rate is denoted as C/n meaning that the
full capacity is theoretically achieved within n hours. It can also be understood as the
exchange of one electron will occur in n hours. For example, a C/10 cycling rate means

that one Li*/Na* ion is extracted/re-inserted in 10 hours.
% Coulombic efficiency (CE), also called as faradic efficiency or current

efficiency, is the ratio of the total charge extracted from the battery to the total charge

input into the battery over a full cycle.

1.2. Sodium-ion batteries

1.2.1. General introduction

The booming of electric and hybrid vehicles’ market conjugated to the
development of renewable energy technologies in recent years have generated a strong
interest in alternative electrochemical energy storage technologies to LIBs, including
Sodium-ion batteries (SIBs), potassium-ion batteries, and multivalent-ion batteries
(Mg?*, Ca®*, AI**) [17-22]. Among them, SIBs are considered as the most promising one
[23-25] with several battery companies and start-ups working on this technology, such
as Natron, Faradion, HiNa and Tiamat [26-29].
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Compared to LIBs, SIBs possess several advantages:

e Na resources are equally distributed over the Earth whereas Li resources can be
found mainly in Bolivia (43%), Argentina (15%), Chile (24%) and China (17%). There
is no big Li deposit in Europe. This unequal Li distribution in the Earth’s crust raises the
questions about the sustainable and stable development of LIBs.

e Naisaubiquitous element in the Earth’s crust, its abundancy being just behind O,
Si, Al, Fe and Ca, which is not the case for Li. The Li concentration in the Earth’s crust
is just 30 ppm (33" element) which is far behind the concentration of Neodymium (50
ppm). Furthermore, Na precursors are the by-products of the chlorine industry, which
ensures a constant supply and reduces the prices of Na precursors. In 2012, the price of
Na>CO3z was 0.07 - 0.37 dollars-kg™* comparing to 4.11 - 4.49 dollars-kg™ for Li.CO3 [22].

e In SIBs, Al is used as the current collector for both positive and negative
electrodes whereas Al and Cu are used as current collectors for positive and negative
electrodes in LIBs, respectively (Figure 1.2a). Al cannot be used as the current collector
for the negative electrode in LIBs as Li can form an alloy with Al at low voltage and thus
destroy the current collector. As no Na-Al is formed at low voltage, Al can be used as
current collector at both electrodes in SIBs leading to many advantages:

+ The price of Al is much cheaper than Cu (2000 dollars-ton! vs. 8000 dollars-ton™

in 2004) and thus using Al can reduce significantly the price of the final product.

+ Ina LIB, the weight of Cu and Al current collectors accounts for 11% and 5% of
the total mass of the cell, respectively (Figure 1.2b). As Cu is much heavier than
Al, preventing the use of Cu allows reducing the inactive mass in the cell.

+ Thanks to the use of the same current collector for both electrodes, a sodium-ion
battery can be discharged down to 0 V and the cell itself can be maintained at this
voltage without an external current. The start-up company Faradion reported that
SIBs can be stored at 0 V during six months without any capacity degradation.
Furthermore, all the prototype cells can be stored and shipped when they are
physically shorted meaning that there is no energy storage within the cell and thus

prevent the risk of self-ignition or explosion [27].
The main drawback of SIBs is that the redox couple of Na*/Na is -2.70 V vs. NHE

(Normal Hydrogen Electrode) compared to -3.03 V for Li*/Li, meaning that the operating

voltage of SIBs would be lower than that of LIBs [30]. Furthermore, the ionic radius of
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Na* is larger than that of Li* (102 ppm vs. 76 ppm) and in some cases the Na* diffusion
in solid phase would be slower than Li* diffusion and thus would limit the cycling
performance of SIBs, especially at high cycling rates. Despite these disadvantages, SIBs
still find their place in stationary applications, such as grid energy storage, where high
operating voltage and cycling rates are not the priorities. The purpose of this is to make a
shift from centralized electricity provision system to decentralized one by coupling
renewable energy, such as photovoltaic cells, with a grid energy storage system.
Nowadays, there are several projects in Spain, such as Estabanell Energia, aiming at
electricity provision for 50% of the rural area of the country by combining photovoltaic
systems and grid storages. These combinations create the so-called ‘Smart rural grids’ or
‘Island operation’. These ‘islands’ are supposed to be independent in order to ensure a

high speed, stable and equal energy provision [31].

a M.A. = Active
Material
+ No alloy e ’ -
Li-ion between Na Na-ion
and Al
Hard Carbon
Separator
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b Electrolyte R(:d Case
16% 2% Lithium

\
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Figure 1.2 : (a) Schematic comparison between the structure of a lithium-ion battery and that of a
sodium-ion battery, (b) Composition of a lithium-ion battery (by wt.%.) [32].

11%
_2%
/ Cobalt
‘ 7%
| Manganese
6%

6%

These mentioned examples have shown the importance and promising
applications of SIBs, but there are still several researches that need to be done in order to
improve the performance of current SIBs, such as its operating voltage, its capacity, its
cycling capability and its durability. This Ph.D work focuses on developing new positive
electrode materials for SIBs based on NazV2(POa)2F3 structural framework with an aim
to improve its operating voltage and durability. Nonetheless, before entering into the
details of this work, an overview on the structure of a typical SIB and the current

development of NazV2(POa)2F3 will first be given.
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1.2.2. Negative electrodes for Sodium-ion batteries

The pre-requisites for a good negative electrode material are high reactivity at low
potential, high capacity, reversibility to reaction with Na* ions, fast reaction kinetics,

safety, and low cost. Some of the typical negative electrodes for SIBs are:

e Sodium metal: With a redox couple value of -2.70 V vs. NHE and a theoretical
capacity of 1166 mAh-g?, sodium metal in an ideal negative electrode for SIBs [33].
Nonetheless, the practical use of sodium metal in commercialized products has little
interest at the moment as sodium metal is too reactive and it has a high tendency to form
metal dendrites upon cycling which might short-circuit the battery and trigger the self-
ignition. Several on-going research efforts aim at developing solid-state electrolytes
which might suppress the formation of sodium dendrites upon cycling and promote the
use of sodium metal in the prototyped products. Even though sodium metal is currently
not used in commercialized batteries, it still holds an important role in fundamental
battery testing. A newly discovered negative/positive electrode material is usually cycled
versus sodium metal in order to determine its cycling performance. A battery using

sodium metal as negative electrode is widely called as a ‘half-cell’.

e Graphite is a typical negative electrode material for LIBs with reversible Li*
insertion/extraction processes, nonetheless, it cannot be used in SIBs as Na* cannot be
inserted into the graphite structure even in a chemical way. Na* ions solvated by diglyme
(or bis(2-methoxyethyl) ether) can be inserted into the graphite structure according to the
following reaction: Coo + 2Na(G2)* — [Na(G2)]2C2o [34,35]. Even though the reaction is
reversible, this cannot be used in practice due to the low capacity of the reaction.

e Hard carbon: Although Na* ion cannot be intercalated into graphite, it can be
inserted and extracted reversibly into hard carbon. Hard carbon is an amorphous material
with a non-graphitized structure composed of cross-linking C sp®. This material is
prepared by the pyrolysis of solid organic precursors, such as celluloses or resins. The
Na* storage in this structure involves: (i) The intercalation of Na* ions into the voids of
the structure, and (ii) the ion adsorption into the micro-pores. Therefore, the
microstructure of hard carbon has an important impact on the practical capacity of this

material. The microstructure can be controlled by varying the temperature of the pyrolysis
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and the precursor sources. The experimental results revealed that by increasing the
temperature, the pore size increases while the number of pores diminishes, as
characterized by Small-angle X-ray Scattering (SAXS) [36-39]. Hard carbon is now
commonly used in all the commercialized SIBs and an assembled battery using hard

carbon as negative electrode is called as a “full-cell’.

1.2.3. Electrolytes for Sodium-ion batteries

The electrolyte is a non-active material, but it affects the performance of the cell
at the beginning of the cell life-time and even when the end of the cell life-time is reached.
The most common electrolytes for batteries are liquid and organic-based electrolytes.
Usually, a ‘functional electrolyte” composed of salt(s), solvent(s), and additive(s), is used
in batteries. In order to ensure good operation conditions in batteries, an electrolyte must
possess high Na* conductivity (> 1 mS-cm™) with no electronic conductivity, high
chemical and electrochemical stability, and non-flammability. All of the electrolytes are,
in fact, meta-stable due to the high reactivity of the negative electrode material and the
solid-electrolyte interface (SEI) formation process. The SEI formation in one way is
negative to the performance of the batteries as it results in non-electroactive materials
with an irreversible capacity loss in the first few cycles. On the other hand, this SEI
formation passivates the negative electrode’s surface and thus prevents it from further
attacks by the electrolyte. In LIBs, a typical SEI layer can reach a thickness of 25-30 nm.
Normally, the SEI formation in batteries can be engineered by the use of some additives
which can promptly react with the negative electrode and then prevent the direct reaction
between the negative electrode and electrolyte. A thin layer of decomposed products can
also be formed at the positive electrode/electrolyte interface via an oxidation process
when the applied potential exceeds 4.5 V. In the case of positive electrode, the passivation
layer is called ‘Surface Layer’ (SL) or ‘Solid Permeable Interphase’ (SPI) instead of SEI.
The SPI is generally much thinner than the SEI [40-42].

Thanks to the similarities between SIBs and LIBs technologies, the acquired
knowledge in the field of LIBs can be transferred to develop new generation of
electrolytes for SIBs. Nevertheless, here are some important points in terms of electrolyte
that make SIBs superior to LIBs: (i) The Na-containing salts used in SIBs electrolyte are
much cheaper than their Li counterpart due to the low of price of Na precursors used in
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the synthesis, (ii) Na-salts are less hygroscopic than Li-salts, which makes the purification
process much simpler in order to obtain the battery grade products, (iii) the negative
electrode material for SIBs is not based on graphite; hence, the use of propylene carbonate
(PC), which is inexpensive, as a solvent for the electrolyte can be considered. Some other
considerations should also be taken into account in order to develop new electrolytes for
SIBs: (i) the electrochemical window of SIBs is moved up 330 mV compared to LIBS;
hence, the potential of the SEI-forming additives must be shifted, (ii) unlike LIBs, the
SEI layer in SIBs contains mainly inorganic compounds (Na;COs, NaF, ...) and they are
soluble in the electrolyte, which makes the SEI formation occurs continuously during the
cycling process. It has been reported that 2-fluoroelthylene carbonate (FEC) is an ideal
additive for SIBs as it can form stable SEI with negative electrodes and hence stabilize
the cycling capacity. Nevertheless, a recent study shows that FEC in fact induces the
formation of a stable but resistive SEI, and the use of FEC thus appears only beneficial
in electrolytes with a poor tendency of SEI formation [43-46].

Besides the conventional liquid electrolytes, solid-state electrolytes, gel and/or

polymer electrolytes are also developed as possible alternatives [47—-49].

1.2.4. Positive electrodes for Sodium-ion batteries

The positive electrode is the one where Na* ions are extracted during charge and
inserted during discharge. The requisites for a good positive electrode material are high
reactivity at high potential, high capacity, reversible to Na* reaction, long-term cycling,
fast reaction kinetics, safe, and low cost. Several compounds have been intensively
studied as prospective positive electrode materials for SIBs. Depending on their
composition and crystal structure, they are commonly classified into layered oxides,
polyanionic based (mostly phosphates), Prussian blue analogues, and organic compounds
[30].

1.2.4.1. Layered transition metal oxides

Layered transition metal oxide materials are probably the most appealing ones
thanks to their high theoretical capacity and high ionic mobility, with three possible
structures (P2, P3 and O3-NaxMO: as defined by Delmas et al. [50]) and a great diversity

of compositions in -transition metal ions. The layered oxides structure is constructed by
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the stacking of MO slabs (M = transition metal(s)) and these MO, slabs are made of
edge-sharing octahedra with the strong iono-covalent M—O bonds. The close proximity
between two M centers induces a possible electronic conductivity for some certain
compositions such as NaxCoO». Different MO, slabs are held together by the weak ionic
Na*---O% interaction and the Na* ions can diffuse easily in the empty space between the
slabs [51].
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Figure 1.3 : Classification of NaxMO, layered oxide materials (Adapted from [44]).

From the crystallographic point of view, the crystal structure of NaxMO;
compounds is described by close-packed stacking sequences of O% ions, and the Na* and
M"* jons alternatively occupy the interstitial sites between the O? arrays. In NaxMO, the
M™ ions occupy octahedral sites between two O? layers. However, the local structure of
M"" ions can be slightly distorted, or not, depending on the electronic structure of the ion
of interest. Concerning the Na* ion, it can either occupy octahedral or prismatic sites
between the slabs and the resulted structures are called ‘O’ or ‘P’, respectively. There
also exist specific cases where the Na* ions alternatively occupy the octahedral and

prismatic sites between the slabs, and the structure is thus called ‘OP’. These letters are
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always followed by an index indicating the number of repeating MO: slabs required to
form a unit cell, such as O2, O3 and P2 (Figure 1.3). The absolute structure of the
NaxMO: composition depends on the Na'-content and the nature of the metal ion(s)

present in the phase.

In the field of LIBs, the chemistry of LixMO: is diverse and is intensively
explored. For a certain LixMO; compound, there always exists the Na*-containing
counterpart, e.g. LiCoO> vs. NaCoO», which can be obtained by direct synthesis or
through an ion exchange approach. The main difference between the Li* and its Na*-
containing counterparts is their ion stacking sequence. The Li* ion has small ionic radius
with a weak screening effect, and thus all the LixMO, phases always adopt ‘O’-type
structures in order to minimize the interslab O%---O% electrostatic repulsion. On the other
hand, Na* has a bigger ionic radius with a stronger screening effect which can minimize
the interslab O%---O% repulsion and stabilize the ‘P’-type structures. In NaxMO, the
existence of the ‘O’- and ‘P’-type structures are possible, and the energetically favored
structure is determined by the compromise between the interslab O?---O? repulsion and
the intraslab Na*---Na* repulsion. Furthermore, the Na* ion has a bigger size with a greater
number of electrons and hence the Na*---Na* electrostatic repulsion is an important factor
determining the stability and the structure of the deintercalated phases. In NaxMOg,
several intermediate phases are formed upon cycling as a consequence of the Na*/vacancy
ordering whereas in their LixMO2 counterparts, the Li‘*—vacancy ordering is
thermodynamically unstable and can only be observed in some specific cycling
conditions [52-54]. The electrochemical profile of NaxMO2 materials is characterized by
the presence of several composition-voltage ‘plateaus’ as a result of the Na*—vacancy
ordering. Some of the promising layered oxides positive electrode materials are
Na[NizMn13C01/3]O2, Nazz[NizMn23]O2 [55,56] and Na[Ni23Sb1/3]O2 [57-59].

In the ‘classical’ layered oxides, the redox center is a “light” transition metal ion,
but in some recent studies focusing on the electrochemistry of Na-rich NaxMO:
compositions of 4d and 5d transition metal ions, such as Na[NaizRu12Sn16]02 and
Na[Nai/3Ru2/3] Oz (Figure 1.4), the electrochemical activity of O% has been reported [60—
62]. These are interesting fundamental studies in the field of solid-state chemistry as they

reported that in some specific cases O> can be oxidized before or at the same time with
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M"* and result in a shortening in the O—O distances. Nonetheless, these studies will hardly
find any practical applications as (i) the presence of Ru or Ir in these phases increases
significantly the price of the products and (ii) the generation of O in the first cycle
modifies significantly the surface of the particles, and induces great capacity loss and

important hysteresis on the cycling profile [63—66].

Random distribution
(Disordered Na,RuOs)
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Na,RuO4 (Ordered NayRuO3)

Figure 1.4 : O3 structure of the ordered and disordered Na;RuOs (Adapted from [61]).

These layered oxides can provide high specific capacity and can support high-rate
cycling [67], nonetheless, most of them are unstable against moisture as water molecules
can penetrate into the empty space between the MO slabs and thus trigger decomposition
or irreversible capacity upon cycling. Some recent studies have shown that the presence
of Cu-substituent can enhance the stability of the phase, no decomposition or irreversible
capacity was detected even though the phase was soaked in water over a long period [68—
71]. Another disadvantage of layered oxide materials is that a high cutoff voltage is
usually required to achieve a sufficient capacity. Furthermore, the Na/M ratio is usually
less than 2/3 for some of the layered oxides, which is a penalizing factor for the capacity
of these materials. Last but not least, not all the Na* ions present in these layered oxides
can participate in the electrochemical reaction as a high deintercalation ratio will lead to
a collapse of the structure, or an irreversible structural transformation with a high

polarization/hysteresis value [72].

19

——
| —



Chapter I - General Introduction

1.2.4.2. Polyanionic framework materials

Besides layered oxides, polyanionic materials form an important class of materials
for positive electrodes for SIBs. They are highly attractive due to their high operating
voltage and robust structural framework, which can support long-term electrochemical
cycling. The electrochemical potential of these compounds can be tailored by varying the
nature of the involved redox couple involved as well as the composition and the structure
of the anion building the framework (POas, P.O7, PO4F, SOs, etc.) (Figure 1.5). The
theoretical specific capacity associated to these materials is usually lower than for the
layered oxides, and the polyanionic group being an obvious penalty for the gravimetric
capacity. On the other hand, the inductive effect occurring in such structures provides
higher operating voltages for a given redox couple and hence they are still considered as
promising materials for SIBs, especially for stationary applications for which the weight

is not a limiting criterion.

T T " T : T :
. Layered 03 . Polyanionic compounds Organic Compound
5L ) tayeredP2 [ Prussican Blue Analogues
> Na,Niy 3C0, ,,Mng 5(PO,),(P,0,)
~ Na,Co,(P0O,),(P,0;) -., lﬂ“
- ‘a Nay g;[Niy/sMn,,]0,
= o Na,Fe(CN)g NazFe,(SO.), Na;V,(PO,),F5 NalLig o(Nio 25F€0.2sMno s)o5c10s
[ E 4 Na,V,(P,0,),(PO,), kY - Na1 sVPO, Fo; *",\\‘ J
b P Na,MnP,0, #) # Na[Fe;,Mn, 10,
g_ 2 °°. azFePO, Na,Fe,(CN)G l.
] Na,V,(PO,); .+ 08l j guda O3-NalNiy sFey/sMn, 510, Natn0
S > g o Na[Feo sc°o S]O i
== 3 m:e,(cu)5 s - 5 .
(<] B Na, ,,MnFe(CN); .= -. - a2/3[""80 28Mno.710;
; NaCrOz o o (AN NA)
- NaFePO,’,,a‘ -
' Na[Nij ,5Fe,, sM"a 210, Na,CSO,, Na,
o Na[Nig ¢C0g,65Mn,, 35]02 ‘-, [Nl,, 15Feq. zMno 510,
2 NaMnFe}(Po‘)3 L \ L Nag 66[Cop s Mn,, s]oz ’ Na.C,HAOs

Specific Capacity / mAh.g?

Figure 1.5 : A gathering of the working potential and of the specific capacity of different types of
materials developed as positive electrodes in Na-ion batteries (Adapted from [30]).

Depending on the anionic composition as well as on the connectivity between the
polyhedral units in the structure, different three-dimensional frameworks can be classified
into different families (Figure 1.6), according to:

e The nature of the anionic group: they can thus be classified into sulfates,
phosphates, silicates, borates, fluorinated oxy-phosphates, oxalates ...
The crystal structure type adopted: they can be NASICON-type, Tavorite-type,
Olivine-type, Alluaudite-type ...
The dimension of the ionic diffusion paths, that can be 1D for olivine NaFePO4

for instance, 2D for NazV2(POa4)2F3 and 3D for NASICON NazV2(POa)s.
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Figure 1.6 : lllustration of the structural frameworks of the main families of polyanionic materials
studied as positive electrodes for Na-ion batteries (Figures adapted from [73-85]).

One of the most essential properties of polyanionic materials is the inductive
effect, meaning that for a given structural framework, the redox potential of the phase can
be tailored easily by changing the nature of the transition metal ions, by changing the
anions constituting the network, or just by varying the crystal structure. This concept was
first introduced by Manthiram and Goodenough in order to qualitatively illustrate the
impact of the nature of the tetrahedral XO4 groups on the position of the Fe**/Fe?* redox
couple in different LixFe>(XO4)z compositions and this was later extended to other Li* and

Na*-containing polyanionic materials [86-88].
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Figure 1.7 : (a) Respective positions of the Fe3*/Fe?* redox couple vs. Li*/Li in NASICON AxFez(XO4)3
compositions (X =P, Mo, W, S); (b) Molecular diagram illustrates the interaction between 3d orbitals in
Fe®* and the surrounding O? ligands. This diagram can further be used to construct the band diagram in
AxFez(X04)3 compaositions. The position of the Fermi level in AxFe2(X0.)s compositions is determined by
the energy of the bands resulted from the interaction of eg™ or tog™ levels in extended structures (Adapted
from [77,89]).

21

——
| —



Chapter I - General Introduction

In LixFe2(XO4)s compositions, the respective position of the Fe*/Fe?* redox couple
vs. Li*/Li is the difference in the energy between the Fermi level of Li metal (Er (Li)) and the
“anti-bonding” states in LixFe2(X04)3 (Er (LixFe2(POa)3)), and these “anti-bonding” states are
the results of the interaction between the “ey” states of Fe®" and the “bonding” states of the
six surrounding O% ligands. If the Fe3*—O? bond is more covalent, the resulted “anti-
bonding” states will have higher energy and the difference between Er (Li) and
Er (LixFe2(PO4)s) will be smaller. If the interaction between Fe** and O% is more ionic,
interaction between the “eq” states of Fe®" and the “bonding” states of O% ligands is weak,
and the energy of these “anti-bonding” states will be less elevated. In this case, the difference
between Er (Li) and Er (LixFe2(POa)s) will be greater and the Fe3*/Fe?* redox couple will give
rise to a higher voltage value. In LixFe2(XOa)s, there exist the Fe**—0—X bond chains and
the oxygen ions participate in the chemical bonds with the neighboring X and Fe3*. If the X
element possesses a high electronegativity or a high formal charge value, the O—X will be
more covalent and thus the Fe**—O bond will be more ionic. As a consequence, the Fe*/Fe?*
redox couple will have a higher voltage value when X has a high electronegativity and/or a
high formal charge value. For instance, the Fe®*/Fe?* redox couple (vs. Li*/Li) varies from
~2.8 V for LisFez(PO4)3 [90-92], to 3.0 V for Fe2(M004)3 and Fex(WO4)3 [86,93,94], and to
3.6 V for Fez(SOa)s [88,95] when X is replaced by P>, Mo*™ or W*®, and S*, respectively
(Figure 1.7a).
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Figure 1.8 : Accessible compositions and the corresponding voltages of the M™/M®D* redox couples (vs.
Na*/Na) involved during Na* intercalation and deintercalation in/from NASICON or anti-NASICON
NaxM2(XO4)3 structures.
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The inductive effect was also observed for Na-containing compounds: isostructural
NasFex(PO4)3 and Fex(SOa4)s exhibit operating voltages that differ by 0.7 V upon Na*
intercalation, the latter being lower than the former [96,97]. This inductive effect is illustrated
in Figure 1.8 through the examples of NaxM2(XOs4)3 compositions. Furthermore, by
monitoring the nature of transition metal ions and anions in the framework, one can tailor
the Na'-content and thus number of reversible Na* ions participating in the

electrochemical reaction.

1.2.5.  NazV,(PO,),F3; and related materials as positive electrodes for SIBs

Some of the promising polyanionic materials are the olivine NaFePOg, the family
of fluorinated oxyphosphates NasV2(POa)2F3 - Naz(V0)2(POa)2F, NasFePO4F, and the
NASICON-related materials including NazV2(PO4)3 and NasVMn(PO4)3[75,76,98-104].
Among them, NazV2(PO4)2Fs3 is the most promising one as it exhibits two reversible Na*-
extraction processes at relatively high voltage, and high stability upon long-term
electrochemical cycling. The crystal structure of NazV2(POa)2F3 was first determined by
Le Meins et al. [82] and was later revisited in the work of Bianchini et al. [83] by the use
of high resolution synchrotron X-ray powder diffraction (SXRD). Despite its well-
established crystal structure, NasV2(POs)2F3 is often confused with ‘NaVPO4F’ and
NazV2(POs)3.

1.25.1. ‘NaVPOsF’

The composition NaVPO4F first appeared in the work of Barker et al. [105]. The
authors reported that this novel phase could be obtained by a direct reaction at high
temperature between VPO4 and NaF in the molar ratio 1/1. The crystal structure of the
as-obtained ‘NaVPO4F’ was indexed in the I4/mmm space group with a = b = 6.387(2) A
and ¢ = 10.374(3) A, which was an iso-structure to a-NazAl2(PO4)2F3! The powder was
then cycled against a lithium counter electrode in order to generate a new hybrid Li*/Na*-
containing compound with the alkali-ion extraction voltage at 3.85 and 4.39 V vs. Li*/Li.
Many later works reported that one Na* could be cycled reversibly in a Na//‘NaVPO4F’
half-cell with a Na™-extraction voltage at 3.60 vs. Na*/Na. It is interesting to note that in
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all the electrochemical tests reported for ‘NaVPO4F’, the upper cutoff voltage rarely
exceeded 4.0 V vs. Na*/Na. In another work, Zhuo and co-workers proposed the
formation of monoclinic ‘NaVPO4F’ indexed in the Cy/c space group when the structure
was doped with chromium [106]. They also claimed that the as-obtained structure was
similar to that of a-NasAl>(POa)2F3, but the absolute crystal structure of ‘NaVPO4F’ in
[4/mmm or Ca/c space group has never been reported in the literature. The only thing that
one can know about the crystal structure of this material is a vague conclusion of ‘an iso-
structure of a-NasAlx(POs4)2F3” [106-109]. By an in-depth combination between
operando XRD at high temperature and thermo-gravimetric analysis, Li and co-authors
discovered that the I4/mmm or C2/c ‘NaVPO4F’ was in fact mixture between
NasV2(PO4)2F3, NasV2(PO4)3, and unreacted VPO4 [110].

Figure 1.9 : (a) Crystal structure of Tavorite NaVPO4F. VO4F; octahedra are in dark blue, PO, tetrahedra
are in grey and Na ions are shown as purple balls, (b) Sodium diffusion pathway calculated thanks to
bond valence energy landscape with an energy of 1.6 eV (Adapted from [111]).

Boivin and co-workers have recently reported on the synthesis of monoclinic
NaVPO4F crystallizing in the C2/c space group by a hydrothermal approach [111]. The
material adopts the Tavorite-structure, which is constructed by infinite [VO4F2]» chains
running along the [101] direction and joined together by PO4 groups (Figure 1.9). This
structure is completely different from that of o-NazAl2(POa4)2F3. The Tavorite NaVPO4F
has no electrochemical interest as only 0.1 Na* can be extracted even at the cycling rate
of C/50 [111]!
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1.2.5.2. NazV2(POs)3

NasV2(POs)z belongs to the NASICON material family whose structure is
constructed by ‘lantern units’ made of two VOs octahedra joined together by three PO4
groups with the Na* ions occupying the empty space in the structure, thus forming two
different crystallographic sites, labelled as Na(1) and Na(2) (Figure 1.10) [112].
Depending on the temperature, Na*—vacancy ordering can occur and NazV2(POa)s can
adopt rhombohedral (R-3c) or monoclinic structure (C2/c) with or without an

incommensurate vector [74].

Bond breaking
Anti-NASICON <& NASICON

Figure 1.10 : The lantern units and its organization in the three-dimensional space to generate the
NASICON and anti-NASICON structures (Adapted from [77]).

NasV2(POs)3 is a versatile material which can be used as both negative and
positive electrodes for SIBs. At low voltage (~1.68 V vs. Na*/Na), V3" in NazV2(PO4)s is
reduced into V2* by the insertion of one Na* ion per formula unit, thus giving the material
a theoretical capacity of 58.8 mAh-g™ [113]. In the high voltage region, NasV2(POa)s is a
promising positive electrode material for SIBs with two Na* ions that can be reversibly
extracted/inserted from/into the structure at 3.39 V vs. Na*/Na according to a biphasic
reaction [113-116]. The extraction of the third Na* is a priori feasible by chemical means
to form V2(POa)s [73] but an electrochemical formation of V2(PO.)s has never been
reported. One of the most interesting properties of NasV2(POa)s is that the structure can
accommodate different kinds of cationic substitutions, such as Fe®*, Ni?*, Mn?*, Ti**, or

AP, and this can be employed to modulate the number of reversible Na* ions
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participating in an electrochemical reaction as well as the Na*-extraction voltages [102—
104,113,117]. Among them, two interesting compositions are NasV1sAlos(PO4)3 and
NasVMn(POs)s. In NasV15Alos(PO4)s, 0.5 V4 can be oxidized into V°* at the end of the
end of charge (~ 4.0 V vs. Na*/Na) and the presence of the light-weight element, Al, can
help to improve the theoretical gravimetric capacity of the phase [113]. In
NasV3*Mn?*(PO4)s, three Na* ions can be extracted during charge and thus yielding a
high gravimetric capacity of 156 mAh-g™*. The Na* removal from NasVMn(PO4); leads
to the oxidation of V3* to V#* (3.34 V vs. Na*/Na), Mn?* to Mn** (3.58 V) and finally V**
to V°* (3.86 V). The extraction of the first two Na* ions are highly reversible; however,
when a high cutoff value is applied to promote the extraction of the third Na* ion, a huge
polarization together with great capacity loss is observed in discharge. Furthermore, the
electrochemical profile of the phase was completely modified after the removal of three
Na* ions. The reason for the irreversible phase transformation at the high voltage is still
now unsolved [102,104].

1.2.5.3. NagV2(POu)zF3

In 1999, Le Meins et al. discovered a family of compounds with the general
chemical formula NasM2(POs)2Fs where M can be V3, Ga®*, AI**, Fe** or Cr¥* [82]. In
the structure of NasV2(POas)2Fs, each V3 is coordinated by four oxygen atoms in the
equatorial plane and two fluorine atoms on the axial positions. Two VO4F, octahedra
share one common fluorine vertex to form a bioctahedral unit V.OgFs,
F—VOs+—F—VOs,—F (Figure 1.11a). These bioctahedral units are connected by PO4
groups to generate a 3D network (Figure 1.11a). The Na* ions occupy and can only
diffuse in the channels located at z = 0 and z = %. Furthermore, there is no ion cross-over
between two planes localized at different coordinates along the z-axis, indicating that
NasV2(POa)2F3 and all isostructural materials are 2D ionic conductors [118].The Na* ions

distribution depends strongly on the nature of the M metal as well as on the temperature.

At ambient temperature, NasV2(POas).Fs was described to crystallize in the
tetragonal P4,/mnm space group with a = b = 9.047(2) A and ¢ = 10.705(2) A. The Na*
ions are distributed on two different crystallographic sites: the Na(1) site is fully occupied

while the Na(2) site is half occupied (Figure 1.11b) [82]. Recently, using high resolution
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synchrotron X-ray diffraction Bianchini et al. revealed an obvious systematic splitting of
the (200)/(020) and (400)/(040) diffraction lines (Figure 1.11c) for stoichiometric
NasV2(POs)2F3 and thus described the crystal structure using a subtle orthorhombic
distortion (a # b, b/a = 1.002) in the space group Amam [83]. This distortion is correlated
with the distribution of the Na* ions over three different crystallographic sites: Na(1) is
fully occupied while Na(2) and Na(3) are partially occupied (Figure 1.11d). This subtle
orthorhombic distortion and the triangular distribution of Na* ions in NasV2(PO4)2F3
allow to minimize the Na*---Na" electrostatic repulsions, as later on confirmed by the
theoretical work of Dacek et al. [119].

Upon heating up to 127°C, an order - disorder phase transition occurs. The
structure of NasV2(POas)2F3 above this temperature was then described in the tetragonal
I4/mmm space group to take into account the circle-like distribution of the Na* ions
around the fluorine atoms localized at the extrema of the bioctahedral units V2OgF3. The
observation of the ‘cationic rings’ reveals the increased mobility of the alkali ions at high
temperature [83].

P4,/mnm ?
¢ (1) [flooz) | (200&(020)
(020 (200)

040) /\\ (400)
N
P R e e e rmnn o o

2 30 40 50
20 (°), CuKa,,
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Figure 1.11 : (a) Structural framework of NasM(PQO4)2Fs; (b) Distribution of the Na* ions in the
crystallographic plane localized at z = 0 in NasV2(POa)2F3 as proposed by Le Meins et al. (Adapted from
[82]); (c) Comparison of the XRD patterns recorded for NasV2(POs)2Fs using a laboratory Cu Ko,
diffractometer (Blue) and the high resolution synchrotron X-ray radiation at A = 0.6687 A (Red); (d)
Distribution of the Na* ions in the crystallographic plane localized at z = 0 in NasV2(PO4)2F3 as proposed
by Bianchini et al. (Adapted from [83]).
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In recent years, NazV2(PO4)2F3 was intensively investigated in particular through
cationic and/or anionic substitution in order to tailor the redox potential, the diffusion
properties and thus the electrochemical performance. Depending on the nature of the

substitution, different goals could be targeted:

+ Exchange of the mobile ion: the great size of the cavities within the crystal structure,
together with the high ionic mobility of Na* ions making NazV2(POs).Fs a good ionic
conductor. The Na* ions can be replaced easily by other alkali ions, either by a chemical or
by an electrochemical ionic exchange reaction. The ionic exchange has been reported for Li",
K*and Ag* [107,120-125], and the obtained compositions can (or could) be used as positive
electrode materials in Li*, K" and Ag™-ion batteries, respectively. In KzV2(POa)F3 and
AgsV2(PO4)2F3, the K™ and Ag* ions simply replace the Na* ions in the same crystallographic
sites of the 3D structural framework and the resulting materials can also be described in the

Amam space group [125,126].

+ Modulation of the redox potential (and thus the number of Na* ions reversibly
exchanged through ionic substitution): NasV2(POs)2Fs contains V3*, which can be
oxidized into V** upon Na* extraction, and the electrochemical potential depends on the redox
value of the V¥*/V** redox couple. The V3" ions can be fully or partially substituted by V**,
ARt and Ga** [99,101,127,128]. This cationic substitution modifies the crystal structure and
electronic structures, and thus its redox potential and possibly the number of Na* ions to be
extracted. The other alternative to tailor the redox potential is to employ the polarization effect
induced by the anions belonging to the bioctahedral units V2OgFs. In NazV2(POa)2F3, the six
oxygen and fluorine ligands in the first coordination sphere of vanadium polarize the energy
of the occupied state of V®* and influence the redox potential of the material. By the use of
density functional theory (DFT), Xu et al. predicted that the terminal fluorine anions could
be substituted by oxygen or by other halogen elements, such as chlorine and bromine [129].
Depending on the nature of the substituent, the redox potential of the V3*/\V** redox couple

in NasV2(POa)2F3 is lowered when the terminal fluorine is replaced by chlorine or bromine.

Barker et al. were the first to propose the use of NazV2(POa)2F3 as a positive electrode
material in rechargeable Li-ion batteries [120]. The first electrochemical signature of a
graphite // 1 M LiPFg in EC/ DMC (2/1 by weight) // NasV2(POa4)2F3 was reported. Two alkali

ions were extracted and reinserted reversibly into the structure of NasV2(POs).F3 at 3.88 and
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4.43 V vs. Li*/Li and the full cell showed a very limited capacity fading after 40 cycles
performed at a rate of 2C [120]. Similar full cells were cycled in a larger potential window,
with a cutoff voltage of 5.0 V vs. Li*/Li, in order to extract the third Na* ion. A capacity
corresponding to the extraction of three Na* ions could be observed in charge, but only two
alkali ions could be reinserted on discharge [121]. It was speculated that only a fraction of the
third Na* could be cycled reversibly. The X-ray diffraction analysis performed ex situ on the
fully charged sample recovered at 5.0 V revealed that “the full extraction of sodium ion from

the NasV2(POs)2F3 material induced some irreversible structural degradation” [121].

With the recent emergence of SIBs, the use of NasV2(PO4)2Fs as positive electrode
materials was reported by several groups [99,130]. The charge-discharge profile obtained for
NazV2(PO:)2F3 vs. Na metal in a Na* containing organic electrolyte is characterized by two
electrochemical voltage domains corresponding to the reversible extraction of two Na* ions
at 3.70 and 4.20 V vs. Na'/Na (Figure 1.12b) resulting in a reversible capacity of
125 mAh-g™.
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Figure 1.12 : (a) Voltage versus capacity electrochemical curves obtained for a Hard
carbon//NazV2(POa)2F3 full-cell cycled in an electrolyte containing 1 M NaPFg in EC/PC/DMC
(0.45/0.45/0.10) at different cycling rates (Adapted from [46]); (b) Long-term cyclability of a Hard
carbon//NazV2(PO,).Fs 18650 75Wh-kg* full cell, cycled at ambient temperature and at a 1C cycling rate
upon charge and discharge (Adapted from [131]).

Ponrouch et al. first reported the electrochemical performance of a Hard
carbon//NazV2(POa4)2F3 coin cell-type full-cell, cycled in an electrolyte containing 1 M
NaPFe in a mixture of EC/PC/DMC = 0.45/0.45/0.10. The full cell could deliver a
capacity of 100 mAh-g* at the cycling rate of C/5 [46]. Despite an increased polarization
observed at 5C, a capacity of 70 mAh-g* could still be achieved (Figure 1.12a). Broux

29

——
| —



Chapter I - General Introduction

et al. have recently reported that an optimized Hard carbon//NasV2(PO4).F3 18650 full
cell prepared by the CEA (France) and cycled at 1C at ambient temperature could
maintain more than 80% of its initial capacity after 4000 cycles (Figure 1.12b) [131].
Furthermore, the electrochemical signatures of the cell obtained at C/10 at 25°C and at
0°C and their corresponding operando X-ray diffraction patterns were very similar,
indicating that Na® can maintain high mobility in NasV2(POs)2F3 even at low
temperatures.

The electrochemical signature obtained upon charge and discharge of
NaszV2(PO4)2F3 vs. Na'/Na is characterized by the presence of two voltage domains at
3.70and 4.20 V vs. Na*/Na (Figure 1.13) suggesting the formation of intermediate phases
especially at the intermediate mixed valence composition NaxV3*V4*(POs)2F3

corresponding to the potential jump.

2" cell (95 scans) Scan number 1% cell (58 scans)
100 75 50 25 0. S 2 0
4.5] gBEEERRR 538 ;
I @ = 2-phase reaction
é o . = monophasic solid solution
*
=40
“
2
;; © Na,VPF; Amam
= @ Na, VPF; ()
Sap -
LR Na, VPF; 14/mmm
= 22
2 [2)] Na,VPF; "14/mmm" (¢)
o
@@ Na VPF; 14/mmm
3.0 © NavPF Cmc2, 4 = superstructure

08 10 12 14 16 18 20 22 24 26 28 30
X (composition in Na V,(PO ) F))

Figure 1.13 : Potential - Composition electrochemical curves obtained upon Na* extraction from
NasV2(PO.).Fs. Several biphasic and solid solution reactions were observed during the Na* extraction
process. The regions where the biphasic or the solid solution mechanisms occur are indicated in the upper
bar of the figure. The Na-content of the pure intermediate phases isolated during cycling are given in the
small circles on the electrochemical profile (Adapted from [132]).

By the use of operando SXRD, Bianchini et al. identified the succession of several
biphasic and monophasic (solid-solution) reactions during the desodiation process from
NazV2(POas)2F3 [132]. A monophasic mechanism was observed only in the composition
range 1.3 <X < 1.8 in NaxV2(POas)2F3, while biphasic reactions were identified in all the
other composition ranges (Figure 1.13). Several intermediate phases were detected at x
=24,2.2,2.0,1.8,1.3,and 1.0. For all of them, the structural framework remains similar
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to that of the pristine phase, but a reorganization of the Na* ions distribution occurs in
order to minimize their mutual electrostatic repulsions. In the pristine composition
NazV2(POs)2F3, the two vanadium sites of the bioctahedral unit are highly symmetric (6
X dv—r/ v—o = ~ 2.0 A) and crystallographically equivalent [83]. At the end of charge, in
Na1V2(POas)2F3, one vanadium site of the bioctahedral unit becomes highly distorted
(4 X dv—o =~1.9 A, dv—r = 2.00 A, dv—r = 1.67 A) while the other remains symmetric (4
X dv—o = ~2.0 A, dv—r = 2.02 A, dv—r = 1.88 A). Combining this observation with bond
valence sum analysis, Bianchini et al. assigned the distorted site to VV°* and the symmetric
site to V3* [132].
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Figure 1.14 : (a) Vanadium K-edge XANES spectra collected operando during charge of an
Na//NasV2(POa)2F3 half-cell cycled at a cycling rate of C/10 per Na*. Inset shows the evolution of the pre-
edge signal; (b) Evolution in the concentration of the three principal components required to describe the

whole series of Vanadium K edge XANES data recorded operando during the first charge of the battery
(Adapted from [133]).

The evolution of vanadium oxidation state in NasV2(POs)2Fs during charge was
followed by operando X-ray absorption spectroscopy (XAS) at vanadium K-edge (5465 eV)
[133]. Figure 1.14a shows the evolution of the operando X-ray absorption near edge
structure (XANES) spectra recorded at vanadium K edge on an operational
Na//NasV2(PO4)2F3 half-cell. Each XANES spectrum can be divided into the pre-edge
and edge regions (Figure 1.14a). The pre-edge signal is related to the forbidden 1s — 3d
transition and its intensity can be used to evaluate the local symmetry of the vanadium
site. The edge signal is associated to the allowed 1s — 4p transition and its position and
shape are related to the average vanadium oxidation state and to the metal-ligand bond

lengths around vanadium.
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In the initial stage, the intensity of the pre-edge signal is very weak as all the V/3*
ions in NasV2(POs)2F3 are in highly symmetric octahedral sites and the 1s — 3d transition
is forbidden. Upon electrochemical oxidation, the intensity of the pre-edge signal
increases gradually and shifts towards higher energy (Figure 1.14a Inset), figuring the
oxidation of the V3 ions together with a distortion in their local environment. This
oxidation is also obvious through the linear shift in the edge energy of the operando
XANES spectra (Figure 1.14a).

Three independent components are required to describe the whole system and the
concentration profile of each component is given in Figure 1.14b. Broux et al. did the
hypothesis that the first component corresponded to the V3*—F—V3* pairs, as the pristine
phase contains only V3* in V2OsF3 bioctahedra [133]. Upon charge in the first potential
domain, one V3" per pair is oxidized into V** leading to the formation of V3—F—V**
pairs (Figure 1.14b). In the second potential domain, these V3**—F—V*" pairs are
continuously replaced by V3 —F—V®* either through the formation of the transient
intermediate state V**—F—V*" and then a disproportionation (2V** — V3" + V"), or
through the direct oxidation of V#* into V°*. Whatever the mechanism, the formation of
V°* at the end of charge was detected by 'V solid-state NMR spectroscopy [133] and by
operando synchrotron X-ray diffraction [132].

1.2.5.4. Nas(VO)2(POa)-F

In 2002, Massa et al. reported on the discovery of a new sodium vanadyl
fluorinated phosphate compound with the chemical formula Na3(VO)2(POa)2F [134],
which can alternatively be written as NazV2(PO4)2FO2. The structural framework of this
new material is topologically identical to that of NasV2(POa)2F3 where the two terminal
fluorine atoms of the bioctahedral units are replaced by two terminal oxygen atoms. The
structure is indexed in the P4>/mnm space group at ambient temperature, and in the
[4/mmm space group at temperatures greater than 227°C [135]. As in the case of
NasV2(POa)2Fs3, this phase transition is due to the redistribution of the Na* ions in the
channels of the 3D framework. Sauvage et al. demonstrated that two Na* ions per formula
unit could be extracted electrochemically from Nas(VO)2(PO4)2F with a poor capacity

retention in the high voltage region [136]. This capacity fading was associated to an
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increase of the cell polarization due to the formation of a surface layer resulting from the
electrolyte degradation; more recently, it was attributed to the presence of impurities in
the sample [127]. Indeed, the electrochemical properties of Naz(VO)2(POas)2F have
recently been revisited by several groups, and an outstanding capacity retention has been
demonstrated [39,129,137-140]. Furthermore, Na3(VO)2(POa).F can also be used as

active material for hybrid capacitors [141].

1.2.5.5. The NasV2(PO4)2F3 — Naz(VO)2(PO4)-F system

1.2.5.5.1.  Crystal structure description

Recent studies have shown that NazV2(POa)2F3 and Naz(VO)2(POa).F are indeed
the two end members of a family of materials with the general formula
NazV3*2yV**(PO4)2F3,Oy with 0 <y < 2 [99,101,142-144]. The partial substitution of
oxygen on the terminal fluorine of the bioctahedral units V,OgF3 leads to the formation
of NazV3*2yV*(POa4)2F3.,0y phases, the vanadium ions bonded to these terminal oxygen
atoms being oxidized into V** with the formation of very covalent vanadyl bonds (V=0).
Comprehensive synthesis protocols for this family of materials have already been
reported by different groups [99,101,142].

The crystal structures of all the phases in the NazV3*2.yV**,(POa)2F3.,0y family are
very similar as they are built on V20g+yF3y bioctahedra and PO4 groups. Park et al.
described their structures in a tetragonal P42/mnm space group [101]. In fact, a subtle
splitting of the (200)/(020) and (400)/(040) diffraction lines is observed for compositions
with y < 0.6 and their structures should then be described in orthorhombic symmetry,

using the Amam space group.

A linear evolution of cell parameters with y is reported for
NasV3*2.,V*(PO4)2F34Oy (0 <y < 2) [101,138,143,144]. The difference in the cell
parameters of these phases is so small that XRD is actually not the most appropriate
technique to clearly identify each member of this family of compounds. Instead,
spectroscopic techniques can be used to precisely characterize NazV3*2.,\V*4*,(POa4)2F3.,Oy

compositions.
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1.2.5.5.2. Characterization techniques

The most common technique which can be accessed easily is infrared (IR)
spectroscopy. This technique can identify the V=0 stretching mode in the composition of
interest, and then provide information on the composition of the phase thanks to the intensity
and position of the V=0 vibrational band [144]. The characteristic vibration of the V=0 bond
can be found at ~ 920 cm™ and its corresponding overtone at ~ 1850 cm™. As expected, no
V=0 bond is observed in NasV2(POs).Fz (Figure 1.15a). On the other hand, in
Naz(VO)2(POs)2F, all the vanadium ions form V=0 bonds with the apical oxygen atom as
confirmed by intense signals at ~ 920 cm™ and ~ 1840 cm? (Figure 1.15a). In the
intermediate phases (0 <y < 2), there are two signals corresponding to V=0 stretching modes
at ~ 920 cm? (Figure 1.15a) and they correspond to the O=V*—F—V*=0 and
O=V*—F—V*—F groups, respectively. The relative intensity between these two signals
varies with the y value. The use of IR spectroscopy to identify these vanadium fluorinated
oxyphosphates was developed in this Ph.D work and will be discussed in details in Chapter
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Figure 1.15 : (a) Comparison of the IR spectra of NasV2(PO4)2F3, NasV2(POa4)2F2.4006, NasV2(POa4)2F-0,
NazV2(PO4)2F1501 5 and Naz(VO)2(PO.)2F powders in the wavenumber range of 500-3000 cm™; (b) 3P
solid-state NMR spectra of different members of the NasV®2,V4*,(PO4).F3.,0, family collected at 100

MHz, MAS = 30 kHz.

23Na and 3!P solid-state NMR spectroscopy. V3" and V** are not directly probed,
but indirectly through their electronic interaction with the 2Na and P in their neighbors
[101,143].  For NMR
NazV3 2., V4, (PO4)2F3., O, compositions are given in Figure 1.15b. A “single”
resonance is recorded at 6000 ppm for NasV2(POa)2Fs, attributed to the P(OV3*)4 local

recorded for the

instance,  S!P spectra
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environment, while the single resonance detected at ~ 0 ppm for Nas(VO)2(POa)2F is
attributed to the P(OV*")s local environment. In the mixed valence phases, five
resonances recorded at 6000 ppm, 4500 ppm, 3000 ppm, 1500 ppm, and 0 ppm were
observed and attributed to the local environments P(OV3")s, P(OV3")3(OV*),
P(OV3")2(OV*),, P(OV3)(OV*)s, and P(OV3")4, respectively. Each V3" in the proximity
of the phosphorus nucleus is supposed to contribute to a paramagnetic shift of 1500 ppm
[143]. The relative intensities of the five resonances recorded on the *'P NMR spectrum
is controlled by the ratio of V3" /V** in the structure. ®Na solid-state NMR can also be
used to determine the V3*/V** ratio in the structure as the Fermi contact shift of *Na
nuclei in NasV3*2, V*,(PO4)2F3.,-O,  depends on the number of V3* ions in its closest
bioctahedron [101,143]. A detailed discussion on the #Na and 3P NMR of
NazV3" 2., V4, (PO4)2F3, 0, (0 < y’ < 2) phases will be given in Chapter 111 of this

thesis.

Another technique that can directly distinguish V3* and V* is electron
paramagnetic resonance (EPR) where the signal can be recorded in perpendicular (L)
or parallel (||) polarization mode. The V** ions give rise to a featureless first-differential
signal at g = 1.93 that can be observed in both perpendicular and parallel polarization
modes while the V3* ions generate a broad line shape centered at g = 4.01 which is only
active in the parallel polarization mode [145]. Li et al. have recently developed the use of
ex situ EPR spectroscopy to study the evolution of V3" and V* concentration in
NasV2(P0a4)2016F1.4 during cycling [145]; however, this technique could also be applied

to investigate the mixed valence state of vanadium in NasV3*2., V**,(PO4)2Fs., O, .

1.2.5.5.3. Electrochemical properties

All the phases belonging to the NazV3*2, V**,(PQO4)2F3., O, family can be used
as positive electrode materials in SIBs. In the potential range of 2.5 - 4.3 V vs. Na*/Na,
two Na* ions can be extracted reversibly for all the compositions [99,101,143,144] and
the voltage at which Na*-extraction occurs depends strongly on the oxygen-content
[101,143,144]. In this series of compositions, NasV2(POas).Fs leads to the highest
desodiation voltage vs. Na*/Na and this voltage shifts to a lower value in the mixed

valance compositions. The more VV** (or more precisely {V=0}?* vanadyl bond) present
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in the structure, the lower the desodiation voltage value is. The minimum voltage is
observed for Naz(VVO)2(POs)2F. In the mixed valence phases, the cycling profile is sloping
as the Na" extraction/insertion reaction occurs through a solid solution mechanism
without the formation of intermediate phases. For the two end members, NasV3*2(PO4)2F3
and Nas(V*#*'0)2(POa4)2F, the charge/discharge profiles show the presence of several
composition-voltage “plateaus” due to the formation of intermediate phases whose
structures were solved using high resolution synchrotron X-ray powder diffraction data
[132,146]. Furthermore, analyses by electrochemical impedance spectroscopy revealed
that a small amount of oxygen substituted for fluorine helps to increase the ionic
conductivity in comparison to that observed in NasV2(POs).F3 [147] which could be

beneficial to the electrochemical performance.

Importantly, NasV2(PO4)2Fs and all the related phases are stable in aqueous
solution. A long immersion in water does not induce any structural degradation as
revealed by combining XRD, IR and NMR analyses [144]. Therefore, they can be used
to develop aqueous electrode formulation processes or as active materials for aqueous
batteries. Kumar et al. reported on the use of NasV®'xyV**,(POus):Fs.,Oy materials
embedded on multi-walled carbon nanotubes (MWCNT) (7.8 wt.%) as positive electrodes
in aqueous batteries [148], such electrodes can be electrochemically cycled versus Zn or
NaTi2(PO4); as the negative electrode and the full cells exhibit excellent capacity
retention upon long term cycling (Figure 1.16). Similar results were reported for the
NaTi2(POa4)3//NasV2(POa)2F3 full-cell system [149].
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Figure 1.16 : Electrochemical cycling performance and coulombic efficiencies of
(a) Zn//Na3V2(PO4)2F3.yOy@ MWCNT full-cell and (b) NaTiz(PO4)3-C//Na3V2(PO4)2F3,yOy@MWCNT
full-cell cycled in aqueous 10 M NaClO, electrolyte. Insets show the corresponding charge-discharge
profiles of the given full-cell (Adapted from [148]).
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1.2.6. Structural designs and materials derived from Na3V,(PO4),Fs3 -
Naz(VO),(PO,),F with superior performance

Despite the presence of three Na* ions in the chemical formula, only two Na* ions
can apparently be inserted / extracted reversibly for all the NasV3*,yV**,(POu)2F3.,Oy
compositions. The capacity of these materials could be improved significantly if (i) the
third Na* ion in the material could be electrochemically cycled reversibly in a practical
potential window or (ii) extra Na* ions could be inserted reversibly in the structure at
lower voltage. Several studies have been made in recent years in order to reach these

targets and they will be summarized hereafter.

1.2.6.1. Three Na* ions extraction at extreme cycling conditions

Figure 1.17a shows the computed voltage curves in the composition range of 1 <

X <4 for NaxV2(PO4)2F3 and Nax(VO)2(PO4)2F [127].
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Figure 1.17 : (a) The computed voltage curves in the range of 1 < x <4 for NaxV2(PQOa)2F3 (red) and
Nax(VO)2(POa4)2F (blue). The dotted curves refer to the average equilibrium potential calculated for the
compositions with 3 < x <4, while the full lines are calculated in the region of 3 < x <3.125; (b)
Electrochemical charge and discharge curves of Nas(\VVO)2(PO.).F cycled in an electrolyte containing 1 M
NaPFg in EC/DEC (1/1) at the cycling rate of C/20, in the potential range of 1.1 to 4.4 V vs. Na*/Na (full
line) and in the potential range of 2.0 to 4.4 V (dash line). Inset shows the first derivative of the cycling
curve between 1.1 and 4.4 V [127]; (c) Comparison between the crystal structure of NazV2(PQOa4)2F3 and
NasV2(PO.).F3 synthesized by Na reductive ball milling method (Adapted from [127,150]).
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A recent theoretical study revealed that one extra Na* ion can be inserted into the
structure of NasV2(POas)2Fs and Naz(VO)2(POas)2F at 1.67 V and 1.85 V vs. Na'/Na,
respectively [127]. An extra capacity corresponding to the insertion of one Na* into the
structure of Naz(VO)2(POs)2F can be observed experimentally at ~1.6 V vs. Na*/Na when
the Na//Nas(VO)2(POa4)2F half-cell is cycled between 1.1 V and 4.4 V vs. Na*/Na (Figure
1.17b) [127]. The same authors revealed that no electrochemical Na* insertion is observed
in the low voltage region for NaszV2(POa)2Fs. The insertion of the fourth Na® into
Nas(VO)2(POa4)2F, with the reduction of V** into V3" is possible due to the strong
screening effect of the oxygen atoms localized on the apical positions of the bioctahedral
units V20gO2F, on the contrary to what is observed with fluorine in these positions in
NazV2(POas)2F3. However, the voltage at which this process occurs is too low to hardly
find any practical application. Peng et al. recently reported long-term cycling of
Na//Naz(VO)2(POa)2F half-cells in the voltage window of 1.0 - 4.5 V vs. Na*/Na and
revealed a continuous capacity loss [151], that is most probably associated to electrolyte

decomposition at low voltage.
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Figure 1.18 : The charge/discharge profile of NasV2(POa).Fs with a high cutoff voltage fixed at 4.75 V
vs. Na*/Na with different floating durations. Inset compares the number of Na ions extracted at ~ 4.75 V
versus the number of Na ions reinserted into the structure at 1.6 V (Adapted from [152]).

Zhang et al. succeeded to synthesize a novel material, NasV2(POa)2F3, by ball
milling NaszV2(POa4)2Fs directly with Na metal [150]. Half of the V3" ions in
NasV2(PO4)2Fs are reduced into V2* to compensate for the insertion of the fourth Na* ion
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into the diffusion channels of the structure. The crystal structure of NasV2(POa4)2F3 is
similar to that of NazV2(POa)2F3. The Na* ions are distributed on the four corners of a
square so as to minimize the electrostatic repulsions between them, and the PO4 groups
are highly distorted (Figure 1.17c¢). The highly distorted structure of NasV2(POa4)2F3
might be a penalizing factor, preventing the reversible electrochemical insertion of the
fourth Na* into the structure at room temperature. Three Na* can be extracted from
NasV2(POs)2F3s during the first charge vs. Na metal but only two can then be cycled
reversibly. Nevertheless, this irreversible capacity can be - at least partially - sacrificed in
the solid-electrolyte interphase (SEI) formation process that always happens at the hard
carbon negative electrode during the first cycle. Indeed, it was proposed that the reversible
capacity of a ‘Hard carbon//Na3V2(PO4)2F3 + NasV2(POs)2F3’ full-cell is higher than that
of a ‘Hard carbon//NazV2(POa)2F3’ full-cell.

Park et al. reported that “ultrahigh energy” can be obtained from
NasV2(PO4)2F14016 with the exchange of 1.2 electrons per vanadium ion when the
material is cycled in the extended voltage window of 1.5 - 4.6 V vs. Na*/Na [100]. More
recently, it was also reported that extra Na* can be extracted from NazV2(POa)2F3 when
the upper cutoff voltage is increased up to 4.75 V vs. Na*/Na together with a floating
period at the end of charge [152]. The longer the floating time is, the more Na* can be
extracted: up to three Na* ions in total (Figure 1.18). These three Na* ions can be
reinserted into the host structure if the lower cutoff voltage is set at 1.0 VV vs. Na*/Na. A
reversible capacity of 200 mAh-g* was hence announced for NasV2(POs)2F3 based on the
reversible extraction and reinsertion of three Na* ions, i.e. corresponding to an increase

of more than 50% versus the results already reported.

Once the material is deintercalated up to 4.75 V, the discharge profile is
completely modified, and the initial electrochemical signature is never recovered
regardless the cycling conditions. Indeed, the first charge performed up to 4.75 V is
characterized by the succession of three voltage domains, whereas the next discharge and
the successive cycles are sloping [152]. The structure undergoes an irreversible
modification at high voltage, from the pristine structure described in the space group
Amam with the Na* ions distributed among three sites to a structure similar to the high
temperature disordered one described in the space group 14/mmm with the Na* ions
distributed within a ring. The XRD patterns of the samples charged up to 4.75 V and then
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discharged to 1.0 V show a large broadening of the diffraction lines and a decrease in the
peaks’ intensity. Furthermore, 3P solid-state NMR spectra recorded on the same samples

also reveal the presence of very broad resonances [152].

In our opinion, the structure would suffer some irreversible degradations, and not
only modifications, during the charge up to ~4.75 V, as it was also suggested earlier by
Barker et al. [121]. Furthermore, a contribution of the electrolyte degradation to the
capacity is expected at low voltage, as the number of electrons exchanged in charge up to
~ 4.75 V is smaller than that exchanged in discharge down to ~1.6 V (Figure 1.18
Inset).The result announcing the extraction of the third Na* ion from NazV2(POa)2F3 is
really intriguing as all the theoretical works predicted that its extraction would occur at
~4.95 V vs. Na*/Na [119,129] and that the fully desodiated phase V2(PQa)2F3 would be
thermodynamically unstable [119].

1.2.6.2. Influence of ionic substitution on the electrochemistry of NasV2(POa)2F3

As just discussed, above the voltage required to remove the third Na* ion is high
[119,129], and many theoretical works have thus been conducted in order to predict the
possible structure modifications so as to shift this voltage value into the electrochemical
window of all the currently available liquid electrolytes. This high voltage value was
proposed to be due to the oxidation of V** to V°* but also to the great activation energy
required to break the Na* ordering formed at the end of charge [119]. Indeed, Na*
extraction from NazV2(POs)2F3 leads to the formation of several intermediate phases with

different and quite stable Na* orderings, which can slow down the diffusion process.

Figure 1.19 compares the activation energy required to create defects and
destabilize the Na* ordering observed in Na2V2(POas)2Fz and NaV2(POs)2Fs, the latter being
significantly greater (281 meV versus 199 meV). Dacek et al. proposed that any factor
that could disrupt this Na* ordering, such as ionic substitution, could lower the activation
energy for the defect formation and reduce the voltage for the Na* extraction [119,128].
For instance, Xiong et al. showed that the operating voltage of NaLi>V2(PO4)2F3, with
foreign ions (Li") in the diffusion channels, was slightly lower than that of NazV2(PO4).Fs;

the voltage profiles of these two materials are different [153].
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Figure 1.19 : Comparison of the defect formation energies in NaV2(PO.).F3 and Na,V2(PO4)2F3 for the
most stable Na* ions distributions that allow for bulk diffusion (Adapted from [119]).

In order to understand the role of cationic substitution for vanadium on the redox
potential of the NasV2(POs):Fs material, Bianchini et al. synthesized a series of Al-
substituted materials NazV2-2Al;(PO4)2F3 (0 < z < 0.3) [127]. The redox potential of the
V4 V3 couple was unlikely to be affected by the Al-substitution; furthermore, the
substitution was shown to be detrimental to the electrochemical performance as the
number of Na* extracted was shown to be limited to (2-z). The synthesis of
NasVGa(POs)2F3 was also reported; however, there was no clear evident for the activation

of the V**/V°* redox couple in the high voltage region [128].

The crystal structure and the electrochemical properties of Nas(VO)Fe(POa4)2F2
have also been recently reported [154]. The material shows very low polarization which
could be due to an enhancement in the Na* mobility and a disruption of Na*—Na* charge
orderings upon cycling. Nevertheless, there is no impact of the substitution on the

potential value of the V°*/V#* redox couple.
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In all the substituted phases, there is no extra diffraction peak corresponding to
the VV**—F—M charge ordering in the structure. The interaction between two metal sites
in the same bioctahedron seems to be weak, and the VV** and M™ ions tend to distribute
randomly over all the bioctahedral units in the structure. This random distribution of the

metal ions could be the origin of the absence of Na* orderings during cycling.
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Figure 1.20 : Calculated voltage profiles of NasV2(PO.).F3 with different anionic substitutions (Adapted
from [129]).

Each V3" in NagV2(PO4)Fs is coordinated by two fluorine atoms on the axial
positions of the octahedron, and these fluorine anions polarize the energy of vanadium
orbitals. If the terminal fluorine atom is replaced by other anions such as CI- and Br", with
different electronegativities, it is expected to modify the electronic structure of the
material, i.e. the energy of the txg orbitals of V', and thus to directly influence the
potential of the V#*/V3* redox couple. As shown in Figure 1.20, theoretical calculations
performed by Xu et al. have proposed that chlorine substitution for fluorine should allow a
significant decrease of the potential during the extraction of the first and third Na* ions, and
thus the deintercalation of the three Na* ions in the stability window of electrolytes. From
these results, it appears that the most attractive phase would be the vanadyl-rich material
Nas(VO)2(POa4)2FosBros obtained from a combined substitution of oxygen and bromine for
fluorine (Figure 1.20). To the best of our knowledge, this phase and all the phases with
halogenide substitution for fluorine have never been obtained experimentally, as it may be
due to the great mismatch between the ionic radii of F (Re.= 1.33 A) and CI/Br (Rc- = 1.81
A and Re- = 1.96 A) [155].
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1.3. Aim of this work

As was described above, NaszV2(POas):Fs is an attractive positive electrode
material in SIBs thanks to its high theoretical capacity, high operating voltage and the
high stability of the structure upon long-term cycling. Nonetheless, the capacity of
NazV2(POa4)2F3 is now limited to the reversible extraction/insertion of two Na* ions. A
simple calculation indicates that its theoretical capacity would be increased by 50% if the
third Na* ion could also be extracted/re-inserted in a reversible way. Some theoretical
studies have demonstrated that an applied voltage value of 5.0 V vs. Na*/Na was required
to extract the third Na* ions, but this value lies beyond the electrochemical window of all
the currently available liquid electrolytes. Furthermore, the structure of NasV2(POs)2Fs3 is

predicted to be thermodynamically unstable under such an extreme condition.

The theoretical studies also pointed out that the Na*—vacancy ordering and slow
Na* diffusivity in NaV2(PO4)2F3 conjugated to the high polarization effect of the fluorine
ligands are the main reasons for the Na* extraction voltage at 5.0 V vs. Na*/Na.
Nonetheless, the NasV2(PO4)2F3 structure is highly flexible meaning that it can adopt
different cationic and/or anionic substitutions. The presence of the foreign ions in the
NasV2(POa4)2F3 structural framework is expected to break the Na*—vacancy ordering, thus
improve the Na* diffusivity and decrease the activation energy required for Na* diffusion
process at the end of charge. In addition to this, an anionic substitution replacing the
terminal fluorine ligand by an element with a lower electronegativity will weaken the

ligand inductive effect and can also shift down the Na* extraction voltage.

This PhD work aims at exploring the crystal structure of NazV2(POa)2Fs3,
Nas(VO)2(POs)2F and their derivatives obtained through different methods. The three-
dimensional long range crystal structure of these phases is determined by the use of high
resolution synchrotron X-ray powder diffraction whereas their local atomic and electronic
structures are investigated through a combination of solid-state nuclear magnetic
resonance supported by first-principles theoretical calculations, synchrotron X-ray
absorption spectroscopy and infrared spectroscopy. Thereafter, the phase diagram and the
redox processes involved in the Na* deintercalation and intercalation are established
thanks to operando synchrotron X-ray diffraction and absorption. An in-depth

understanding on the crystal structure evolution as well as the nature of redox couples
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involved in the electrochemical reaction of each composition helps us to determine the
capacity limitations, and how the ionic substitution can affect the crystal structure and the
electrochemical performance of these vanadium fluorinated oxy-phosphates. These
findings will help us to construct the ‘Structure — Compositions — Properties’ mutual
relationship in the vanadium fluorinated oxy-phosphates and shed light to the

development of new materials with better performance.

Therefore, the content of this PhD work mainly focuses on:

¢+ Synthesizing and characterizing the crystal structure of AgQsV2(POs)2F3, a
homologue of NazV2(POas).F3, obtained through Ag*/Na® ion exchange into
NazV2(POs)2Fs structure.

« Exploring the complexity of the synthesis reactions as well as the effects of
oxygen substitution on the crystal structure and electrochemical performance of
NasV2(POs)2Fs — Naz(VO)2(POs)2F. Furthermore, an in-depth study on the structure
evolution as well as on the nature of the redox couple involved in the electrochemical
reaction of these phases will be performed by operando synchrotron X-ray diffraction

and absorption.

+ Investigating the sodium and phosphorus local environments in NazV2(PO4)2F3 —
Nas(VO)2(POas)2F compositions by the use of solid-state NMR spectroscopy combing

with first-principles DFT calculations.
++ Exploring the effects of cationic substitution on the crystal structure as well as the

electrochemical performance of NasV2(POa)2Fs — Nas(VO)2(PO4)2F. We here focus on

the effects of two different substituents: AI®* and Fe®*,
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11.1. Introduction

The series of compositions NasV3*2.,V**,(PO4)2F3.4Oy (0 <y < 2) are now widely
considered as promising materials for positive electrodes in SIBs thanks to their high
operating voltage, high theoretical capacity, high rate performance and their excellent
long-term cycling [99,101,131,152]. The two end members, NazV2(POas):Fs and
Naz(VO)2(POa)2F, were historically discovered by Le Meins et al. and Massa et al.,
respectively [82,134]; nevertheless, the electrochemical behavior of these phases was first
reported in the work of Barker et al. [120,121,156] and Sauvage et al. [136]. The
existence of the fluorinated oxyphosphates family NasV3*5.,V**,(POu)2F3-yOy (0 <y < 2)
has recently been discovered through the work of Kisuk Kang’s and Teofilo Rojo’s
groups [99,101], and has inspired many following works. Some members of our group
have recently revisited the crystal structure and the electrochemical properties of these
materials by a combination of several advanced characterization techniques, such as
synchrotron X-ray powder diffraction and synchrotron X-ray absorption spectroscopy at
Vanadium K-edge energy [83,131,133,143]. Great discrepancies in the literature
concerning the crystal description of the phases, the actual chemical formula of the
compositions and their corresponding electrochemical profiles were detected. These
discrepancies were caused by (i) the resolution of the technique used to characterize the
phases, (ii) the complexity in the mechanism of the synthesis reactions, which was not
greatly considered in previous studies, and (iii) the difficulty to determine the exact y
value in the NazV3*2.,V**,(PQ4)2F3.,0y chemical formula due to the chemical similarity

between F~ and O? as well as between V3" and VV**.

In this study, we aimed at (i) making an in-depth understanding on the complexity
of the reactions occurring in the solid-state synthesis process, (ii) correcting the y values
and the chemical formulas that had been reported in [143] to reconcile the actual formula
of the phases to their observing properties, (iii) developing an easy and reliable method
to distinguish all the compositions in the NasV3*2.,V*'(PO4)2F3s4Oy family , (iv)
investigating the origin of the extra capacity observed when NazV2(POa4)2Fs3 is charged up
to 4.8 V vs. Na'/Na, and (v) tracking the vanadium’s local structure changes when
NazV2(POa4)2F3, NazV2(PO4)2F20 and NasV2(POa4)2F15015 are charged up to 4.8 V vs.
Na*/Na.
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11.2. Materials synthesis and characterizations

11.2.1. Materials synthesis

A series of NasV2(POs)2F3.yOy materials was prepared by a one-step solid-state
reaction using stoichiometric amounts of VOPOa4, VPO4, NaF (Sigma-Aldrich; > 99%),
and Na2COs (Riedel-de Haén; 99.8%). VPOs and VOPO4 powders were obtained by
using the stoichiometric reaction between V.0s (Sigma-Aldrich; > 99.6%) and
NH4H2PO4 (Sigma-Aldrich; > 99.99%) as described in details earlier [143]. No coating
with carbon was done in order to better control the average oxidation state of vanadium
in the samples. The as-prepared NasV2(POs)2F3.yOy powders were washed in distilled
water over four days in order to eliminate the impurities formed during the synthesis. The
products were then filtered, and finally dried in a Buchi furnace at 80°C [143]. An
optimized carbon-coated NaszV2(PO4)2F3 powder was used as a reference, the synthesis of

which being described in details in a recently accepted patent [157].

11.2.2. Materials characterization

Thermogravimetric analyses were performed on a TGA Setaram TAG 2400
machine coupled with a Balzer Thermostar mass spectrometer to identify the chemical
compounds released by each sample during the thermal treatment. The experiments were
carried out under Ar (alphal) at a heating rate of 5°C-min. Special care was taken to
work with the best gas quality in order to increase the reproducibility of both the sample
surrounding atmosphere and the signals in mass spectrometry during the whole analysis.

Laboratory X-ray powder diffraction (XRD) was carried out using a
PANalytical Empyrean diffractometer in 6 — 6 configuration and equipped with a Cu Ke1,2
X-ray source. The powder was packed in a 0.5 mm diameter capillary. The acquisition
was performed in the 26 range of 8° — 140° with a step size of 0.004°. High angular
resolution synchrotron X-ray powder diffraction (SXRD) was performed at the MSPD
beamline at ALBA (Barcelona, Spain). The data were recorded by using the MYTHEN
detector at a wavelength of 0.8251 A, in the 20 angular range of 1° - 70° with a 0.006°
step. Diffraction data analysis and Rietveld refinement were performed by utilizing the
FullProf Suite and Jana 2006 software [158,159]. The 3D crystal structures of the

materials were visualized by using the VESTA software [160].

48

——
| —



Chapter Il - Anionic Substitution in NasV2(POa)2F3

The chemical analysis of the Na, V, and P contents was performed by inductively
coupled plasma-optical emission spectroscopy (ICP-OES) using a Varian Model 720-ES
spectrometer, after a complete dissolution of the powder into a concentrated hydrochloric
acid (HCI) solution.

Scanning electron microscopy (SEM) images were taken on the metallized
samples (Pd-deposited) by a Hitachi Model S-4500 microscope.

Fourier transform infrared (FT-IR) spectra were recorded by using a Bruker
Equinox 55 spectrometer in the wavenumber range of 400 - 4000 cm™ (mid-IR) with a
resolution of 4 cm™. The samples were finely ground in a mortar with dried KBr in an
approximate ratio of 1: 50 (by wt.%).

23Na solid-state NMR (ss-NMR) spectra were acquired using a Bruker Avance
500 MHz spectrometer, equipped with a 11.7 T wide bore magnet (operating at Larmor
frequency of 132.3 MHz for 22Na). Experiments were performed using conventional 2.5
mm magic-angle spinning (MAS) probes, with 30 kHz MAS rate. Chemical shifts are
referenced relative to an aqueous 0.1M NaCl solution at 0 ppm. In each case, a short pulse
length of 1.1 ps corresponding to a selective /8 pulse determined by using a 0.1 M NaCl
aqueous solution was employed. The spectral width was set to 1 MHz and the recycle
delay of 0.5 s, which was long enough to avoid T: saturation effects. The baseline
distortions resulted from the spectrometer dead time (5 - 10 ps) were removed
computationally by using a polynomial baseline correction routine. 3P ss-NMR spectra
were acquired on a Bruker Avance |11 100 MHz spectrometer, equipped with a 2.4 T wide
bore magnet (operating at Larmor frequency of 40.6 MHz for 3'P) by using a standard
Bruker 2.5 mm MAS probe at 30 kHz MAS rate. Chemical shifts are referenced relative
to an aqueous H3PO4 85% (Sigma-Aldrich) solution at 0 ppm. In each case, a Hahn echo
sequence was used with a /2 pulse of 1.1 ps and a recycle delay of 0.2 s. The obtained
data were processed by TopSpin and DM-fit softwares [161].

Synchrotron X-ray absorption spectroscopy (XAS) was performed at the
Vanadium K-edge energy in transmission mode at the ROCK beamline of the SOLEIL
synchrotron facility (Saint-Aubin, France) [162]. The storage ring was operated in
multibunch top-up at 2.75 GeV with a 450 mA current. The incident beam from the
bending magnet was collimated and horizontally focusing by a first toroidal bendable
silicon Ir coated mirror. The monochromatization was ensured using the channel-cut
Si(111) QuickExafs monochromator [163] and the harmonic rejection was done thanks to

the B4C-coated second and third mirrors tilted at 4 mrad. The beam size was 1.5 mm X
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0.450 mm (horizontal x vertical). The spectra were collected with an oscillating frequency
of 2Hz at V K-edge in transmission utilizing gas ionization chambers as detectors. Three
detectors in series allowed to measure during all the experiments a Vanadium metal foil
which would be used as reference to calibrate the energy. Several scans (in average 690
scans per spectrum) were recorded in order to ensure the reproducibility and to increase
the signal-to-noise ratio. The ex situ samples (V3*POs, LiV4*P0O40, and V>*OPQO,) were
prepared by mixing uniformly the active material with cellulose, then pressed into pellets

of 13 mm in diameter. Their spectra were recorded during 13 mins.

In order to perform operando XAS measurements, the electroactive material was
homogeneously mixed with carbon black and polytetrafluoroethylene (PTFE) in the ratio
of 30/60/10 (by wt.%) then pressed in a 13 mm pellet die under 10 tons to form self-
standing films of ~ 300 um in thickness. Half-cells were then assembled and used in
operando experiment with two Beryllium foils as X-ray transparent current collectors
[164]. Three different half-cells with NasV2(POas)oFs, NaszV2(POs):F.0, and
NazV2(POas)2F15015 as positive electrode were prepared for the operando XAS
experiments. In order to avoid the strong absorption which might occur due to the high
X-ray absorption coefficient of sodium, a tiny hole was made at the negative electrode
and the beam size was controlled at 450 um x 1.5 mm. The Na//NazV2(PO4).F20 and
Na//NazV2(PO4)2F1501 5 half-cells were cycled at C/10 cycling rate from 2.5V up to 4.8
V vs. Na*/Na while the Na//NazV2(POa)2F3 half-cell was cycled at C/5 cycling rate with
two consecutive charge-discharge cycles. Thanks to an automatic sample changer, these
operando cells were measured in parallel with an acquisition time of 6 mins was spent
sequentially on each sample. Each spectrum was an average of 690 scans recorded during
6 mins and the time interval between two successive spectra was 12 mins. The energy
calibration and normalization were done using graphical interfaces available on the
ROCK beamline [165].

The main absorption edge observed at around 5485 eV on the vanadium K edge
XANES spectra is due to the 1s — 4p dipole-allowed transition where the position of the
edge can be related to the oxidation state of vanadium in the structure (Figure 2.1). The
forbidden 1s — 3d quadrupolar transitions may become allowed thanks to 3d — 4p orbital

hybridization and lead to contributions in the pre-edge region (Figure 2.1). Their position
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and intensity are linked to the electronic structure and local environment (coordination
number and the nature of the surrounding ligands) of the transition metal ion, here
vanadium [133,166-169]. The more distorted the vanadium site, the more intense is the

pre-edge signal, versus that observed for highly symmetric environment.

The extended X-ray absorption fine structure (EXAFS) analysis was performed
using the Demeter package [170]. Fourier transforms of the k? weighted EXAFS
oscillations were carried out in the k range from 2.6 - 13.0 AL, Fitting was performed in
the R range from 1.0 - 2.2 A. EXAFS amplitudes and phase shifts were calculated by
FEFF7. The coordination number of each vanadium (N = 6), and the attenuation factor
(So? =1) were kept fixed during the fit. In the NasV3*2yV**y(PO4)2F3.,Oy compounds, each
vanadium center is coordinated by six fluorine and oxygen, V(O,F)s, depending on the
oxidation state of the vanadium of interest; however, F- and O% are similar X-ray
scatterers, we thus simplified the fitting model by assuming that all the six surrounding
ligands are just oxygen. The radial distance Ri and the Debye-Waller factor ¢ were
allowed to vary during the fit. A detailed discussion on the number of independent
parameters used in the EXAFS fit for each material will be given in the results section.
These XAS experiments and the data analysis, including the Principal Component
Analysis and EXAFS fit, were done in collaboration with Stéphanie Belin and Antonella
ladecola at the ROCK beamline at SOLEIL synchrotron (Saint Aubin, France).
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Figure 2.1 : Vanadium K-edge XANES spectrum recorded on VOPOa.

Electrochemical tests. The long-term electrochemical performances of the
materials were tested in CR2032-type coin cells. The positive electrodes were prepared
by the slurry tape casting method, where a slurry containing 80 wt.% active material, 10
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wt.% Carbon black, and 10 wt.% polyvinylidene fluoride (PVDF) dispersed in N-methyl-
2-pyrrolidone (NMP) was casted on an Al foil, with a thickness of 150 um, then dried
overnight at 80°C under vacuum. The mass loading of the as-prepared electrodes was
around 2.5 mg-cm™. A homemade electrolyte containing 1M solution of NaPFe (Strem
Chemical; 99%) in ethylene carbonate and dimethyl carbonate (EC/DMC = 1/1) with 2
wt.% of fluoroethylene carbonate (FEC) was used in all the electrochemical tests. The
assembled cells were cycled in galvanostatic mode, at a C/10 cycling rate between 2.5

and 5.0 V vs. Na*/Na. The rate C/10 corresponds to the exchange of 1 Na* in 10 hours.

11.3. Results and discussions

11.3.1. The complexity of the synthesis reaction

As already highlighted by Bianchini et al. [83] great discrepancies are reported in
the literature for the unit cell parameters of NasV2(POs)2Fs. This is not surprising as only
a strict control of the synthesis atmosphere (with no traces of oxygen) allows to obtain
the stoichiometric phase. Most of the phases claimed in literature to be NazV2(POa4)2F3
are in fact characterized by a partial oxygen substitution for fluorine and thus, as a result
of charge compensation, by the presence of V* according to the formula
NasV2(PO4)2F3yOy (0 < y < 2) [143]. As proposed earlier by our group [143],
NaszV2(POs4)2F3.yOy materials would hence be obtained according to the following reaction

(1) with significant amounts of O, and CO; released:

Equation (1)

(2-y) VPO, +y VOPO, + (3 - y) NaF + % Na2COs — NasV3*2, V4, (PO4)2F3,0y + % CO, + % 0,

We noted that the color of the powders varied gradually from dark grey (y = 0) to
light green (y = 0.5) as the average oxidation state of vanadium was expected to evolve
linearly from +3 (for y = 0) to +3.25 (for y = 0.5). No significant mass loss was recorded
during the washing of the powders and a linear evolution of the unit cell parameters had
been observed for 0 <y < 0.5 [143]. In order to explore more into details on the solid
solution NazV2(POas)2F3yOy with y > 0.5, we synthesized in this study several

compositions withy =0.75, 1.0, 1.5, 1.75 and 2.0 according to equation (1). Surprisingly,
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the unit cell parameters evolved linearly only in the range of 0 <y < 1. For y > 1, the unit

cell parameters remained similar and very close to those reported for Nas(VO)2(POa)2F
by Tsirlin et al. (Figure 2.2) [135].
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Figure 2.2 : The evolution of the unit cell parameters of the materials synthesized by using Equation (1)

When y > 1.0, there was no further change in the cell parameters.

in the range of 0 <y < 2.0. A linear evolution of the cell parameters was observed for 0 <y < 1.0.

Furthermore, we observe a significant mass loss for all the samples with y > 1

after being washed in water (up to 50 wt.% for y = 2). Interestingly, the as-prepared

powders (y > 1) are dark green, and after washing a color change to bluish green is

observed for all the powders. The solution recovered after washing is deep yellow.
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Figure 2.3 : XANES at Vanadium K edge of the materials synthesized according to Equation (1) with
y=0.75,y=1.0and y = 2.0. The XANES spectra of V3*PQO,, LiV4**PO,0, and V5*P0O4O are used as
external references to determine the oxidation state of Vanadium in the materials of interest. No
difference is observed between the spectra recorded for y = 1.0 and y = 2.0. The position of the absorption
edge reveals that both materials contain only V**.
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The comparison of the XAS spectra gathered in Figure 2.3 confirms that the
electronic structure of vanadium ion in all the materials obtained for y > 1 is that of
vanadium at the tetravalent state. These results revealed, importantly, that equation (1)

did not correctly describe the synthesis of NazsV2(POa)2F3-yOy.

In order to get more insight into the reaction involved in the synthesis of
NazV2(POa4)2F3y0Oy, thermogravimetric analyses coupled to mass spectroscopy (TGA-
MS) were performed: first on the mixture of (2VPO4 + 3NaF) as a reference and then on
the mixture (VPO4 + VOPO4 + 2 NaF + % Na,COs3). The precursors were mixed using
ball-milling, and then heated up to 650°C for the former mixture and to 500°C for the
latter, at 5°C.min"! under a continuous Ar flow. For the mixture of (2VPO. + 3NaF), no
release of gas was detected before the tiny loss of fluorine (m/z = 19) from 450°C (Figure
2.4a) that leads to the formation of NasV2(POa)2F3-50s (6 ~ 0) with a small amount of
oxygen defects. Note that despite several attempts, it was not possible to prevent the
presence of oxygen traces during the thermal treatment and thus the formation of defects.
Here the fluorine loss corresponds to ~ 0.5 % of the total mass and the & value is thus

expected to be infinitesimally small (Figure 2.5a).
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Figure 2.4 : (a) TGA-MS results recorded for a mixture of (2VPO, + 3NaF) heated at 5°C.min! between
25°C and 650°C. Fluorine was the only gas released, from 450°C; (b) TGA-MS results recorded for a
mixture of (VPO + VOPO, + 2NaF + ¥ Na,CO3) heated at 5°C.min* between 25°C and 500°C. No O,
evolution was detected. CO, was the main gas released during the reaction process. Minor loss of
Fluorine (not shown) was also observed (lon current below 2-1079).

According to equation (1), CO. and O should always be released together during
the reaction process. From the results obtained for the mixture (VPO4 + VOPO4 + 2 NaF
+ % Na2COs3), we can conclude that only CO2 was detected, and not Oz (Figure 2.4b).

This result, combined with the observations made during the synthesis (similar crystalline
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phase obtained whatever y for y > 1, with an increasing mass loss during washing with
increasing y value) revealed that equation (1) proposed earlier by our group is actually
not the proper description of the ongoing reaction. Indeed, applying equation (1) for y =

1 should have yielded:
V3POy4 + V'OPO4 + 2 NaF + % Na;COz — NagV3*V*# (PO4)2F20 + % CO2 + ¥4 O

into which all the V3" ions from VPO4 were maintained in their initial oxidation state
whereas the V°* species from VOPO4 were reduced to V** through the evolution of Oo,
to finally obtain NasV3*V#*(PO,).F.0. Here in this work, we clearly confirm that no O
evolution is observed and that only V#* is detected in the final product. Therefore, the
actual electron exchange occurring during the synthesis reaction thus implies that \V** —
V4 + 1 e (for V3 from VPO4) and V°* + 1 & — V** (for V°* from VOPQ,), so that the

chemical reaction can be re-written fory = 1 as:

V3*PO, + VS*OPO, + 2 NaF + % NazCOs — Nas(V4*0)a(POs)sF + ¥ “COF2”
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Figure 2.5 : (a) The thermal gravimetric analysis (TGA) curve of a mixture of (2 VPO, + 3 NaF)
recorded from ambient temperature to 650°C with a heating rate of 5°C-mint. The minor mass loss
(~ - 0.5 wt.%) recorded in this temperature range is due to the release of F (m/z = 19), (b) The thermal
gravimetric analysis (TGA) curve of a mixture of (VPO4 + VOPO, + 2 NaF + %2 Na,CQs) recorded from
ambient temperature to 500°C with a heating rate of 5°C-min. The mass loss (~ - 4.85 wt.%) recorded in
this temperature range is due to the release of CO..

The formation of reactive COF, gas was in fact not detected. To explain this
discrepancy, our hypothesis was at first to consider the high hygroscopic character of
COF, which would promptly react with any trace of H>O to form HF and CO..
Nevertheless, as these two gases are not detected at the same time (CO: is detected first,
and only then HF), we propose that Na.COs is decomposed first and releases CO/CO:>

and then, at higher temperatures, that fluorine is released and reacts with traces of water
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to form HF. The general equation (1) can be then re-written with y such as 0 <y <1 and
not 0 <y<2:
(2-y) VPO4 +y VOPO; + (3 —y) NaF +~ Na2COs + 2 H20 media —
NasV3*2.2)V/*"2(POs)oF30zy +2 COz +y HF

In order to avoid possible confusion with our previous work, we choose to replace

2y by y’ throughout this chapter:
Equation (2)
(2- %) VPO, + y; VOPO, + (3— %) NaF + y: Na,COs + yz H20 media —>
NasV3*2 V4 (POs)oFsy Oy +Z COz +2 HF

(With0<y’ <2 andy’ =2y)

As a conclusion, the general compositions of all the samples synthesized by Broux
et al. are in fact NazV® 5., V*,(PO4)2Fs., O, with 0 < y’ < 1 and not as proposed
previously NasV3*2.,\V**,(PO4)2F34Oy (0 <y < 0.5) [143].

11.3.2. The stability in water of NagV3*,.,-V**:(PO4),Fs., O, phases

As just mentioned, all the as-prepared NazV3*2.,"V*#*,-(PO4)2F3.,-Oy- powders were
recovered after being washed in water to eliminate impurities such as Na(POz)s; and
Na2V20s. One might question if the phases are fully stable in water, or if water insertion,
partial fluorine/hydroxyl exchange or even vanadium oxidation might be observed. The
effect of washing with H20 on the NasV3"2.y-V**,-(POa)2F3-0y- (0 <y’ < 2) samples will
be illustrated through the example of Naz(VO)2(PO4)2F (v’ = 2), but the results obtained
are representative for the whole series of compounds. The XRD pattern of the as-prepared
Nas(VO)2(POa)2F (v’ = 2) reveals the presence of the main phase, of minor amounts of
Na(POs)s and NaxV.0s and of tiny additional diffraction lines (Figure 2.6a). The
diffraction peaks corresponding to the impurities fully disappeared after washing as they
are soluble in water and, as expected, the mass loss between the samples before and after

washing was found to be less than 2 wt.%.
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Furthermore, the comparison of the cell parameters determined for
Naz(VO)2(POas)2F before and after washing reveals no changes and thus supports its
stability in water (Table 2.1).

Table 2.1 : Comparison of the cell parameters obtained from Cu Ka diffractometer for Nas(VO).(PO4)2F
before and after washing in water.

S.G. a(A) b (A) c(A) VIZ (A3
Before washing P4,/mnm 9.0317(2) 9.0317(2) 10.622(5) 216.63(2)
After washing P4,/mnm 9.0324(1) 9.0324(1)  10.6173(2)  216.55(1)
y -
(a) mpurities, %55 (b)
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Figure 2.6 : (a) XRD patterns of Nas(VO)2(PO4).F, collected before and after washing, on a Cu Ka 1,2
diffractometer. The impurities highlighted by * are Na(POs3); and NazV20s,

(b) 3P ss-NMR spectra collected for Naz(VO)2(PO.)2F before and after washing. The spectra were
recorded at 100 MHz (MAS = 30 kHz), (¢) IR spectra of unwashed and washed Naz(VO)2(POa).F
powders in the wavenumber range of 400 - 4000 cm™, (d) Comparison of the IR spectra of
N3.3V2(PO4)2F3, N33V2(PO4)2F2A4OOA5, Na3V2(PO4)2F20, Na3V2(PO4)2F1,501,5, and Na3(VO)2(PO4)2F
powders recovered after washing in the wavenumber range of 800 - 1300 cmL.

Additionally, ICP-OES analyses confirmed that the stoichiometry in Na/V/P was
maintained to 3/2/2 upon washing. Naz(VO)2(POa)2F is characterized by agglomerates of

particles being less than 1 um in diameter (Figure 2.7), with no apparent extra phases

(impurities) at the particles’ surface and in the grain boundaries.
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Before washing After washing

Figure 2.7 : SEM images of Nas(VO)2(PO4)2F powder before and after washing in water.

The 3P ss-NMR spectra recorded for Nasz(VO)2(POs)2F are identical before and
after washing in water (Figure 2.6b), showing that there is no change in the phosphorus
local environment. The diamagnetic signals centered at ~ 0 ppm correspond to the
P(OV*")4 local environment in the structure [143] and the splitting of the signals into two
different peaks is due to the presence of two inequivalent local environments for
phosphorus in Naz(VO)2(POa).F structure.
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Na,(VO),(PO,),F
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Na,(VO),(PO,),F
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Figure 2.8 : 2Na ss-NMR spectra collected for Nas(VO)2(PO4).F before and after washing. The spectra
were recorded at 500 MHz (MAS = 30 kHz).

23Na ss-NMR was also recorded for the washed and unwashed powders in order
to get insight into the stability of the phases. The spectra are compared with those of
Na3(VO)2(POs)2F in Figure 2.8. They exhibit two main resonances at 76 ppm and 120
ppm corresponding to Na nuclei interacting with two neighboring V** ions, and with a
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combination of one V3* and one V**, respectively. These observations show: (i) that there
are traces of V3* present in both powders and (ii) the high stability in water as no major

changes of the main resonances are observed.

Similar observations were made by IR spectroscopy (Figure 2.6¢). The
characteristic stretching modes of V=0, and P—O (in POs*) bonds were identified in the
as-prepared material and remained unchanged after washing. In addition, no signatures
revealing the presence of structural (inserted) H.O molecules and/or of hydroxyl groups
due to an exchange with fluorine were detected in the washed sample: they would have
been expected as a large band between 2300 and 3500 cm™ and as a narrow band at
3300 cm™, respectively [171]. The tiny signal recorded in the region of 3000 — 4000 cm’
! was attributed to the presence of traces of water adsorbed at the particles’ surface. The

vibrations observed in the region of 500 — 700 cm™ can be attributed to the stretching

mode of V—O/V—F bonds or to the deformation mode of PO4 groups in the structure.

Na;V,(PO,),F; Na;V,(PO,),F,0 Na;3(VO),(PO,),F

Figure 2.9 : The colors of three samples: NazV2(PO4)2F3, NazV2(PO4)2F20, and Naz(VO)2(POa4).F
obtained after washing in water.

Combining all these illustrated information with additional data measured on the
whole range of 0 <y’ < 2 compositions, we can conclude that the series of compounds
NazV3*2.-V#*y:(PO4)2F3-, O, is stable in water. The washing performed as a final step at
the end of the synthesis to remove possible (soluble) impurities is thus not detrimental to
the composition and structural integrity of the materials, and as it will be discussed later,
to their electrochemical performance. The stability of these phases in aqueous media is
indeed a key factor that makes them attractive positive electrode materials for Na-ion
batteries as: (i) they can be stored in air for long time without any degradation of their
electrochemical performance, (ii) they can be processed in water to develop agqueous
electrode formulation and (iii) they can be used as positive electrodes in agueous

rechargeable Na-ion batteries, as recently proposed by Kumar et al. [148]
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11.3.3. Crystal structure determination for NasV3*,.,-V**:(PO4),F3., Oy

Bianchini et al. have shown for the first time that the structure of the
stoichiometric NazV2(POa)2F3 phase (i.e. the pure V3 composition) should be described
in an orthorhombic space group (Amam) due to a specific distribution of the Na* ions over
three different crystallographic sites within the tunnels of this polyanionic framework,
that allows a decrease of the electrostatic interactions between Na* ions [83]. Later, Broux
et al. have shown that the orthorhombic distortion was maintained for partial oxygen
substitution for fluorine, despite being less obvious to identify from a simple observation
of the synchrotron X-ray diffraction pattern for 0.5 < y’ < 1 [143]. Indeed, the clear
orthorhombic splitting at the (400) and (040) diffraction lines was no longer observed
when y > 0.3 (see Figure 2 in [143]). Nevertheless, the orthorhombic distortion was
maintained and required, as it was leading to the best calculation of the experimental
pattern and to the good description of the structure with regular PO4 groups as well as to
the minimization of the interactions between the Na* ions [143]. In the frame of this study,
it was thus essential to revisit the structure of NasV>*2.:V*#*,:(PO4)2F3.,-Oy with 3~ such
as 1 <y’<2,i.e. for the oxygen-rich compositions. Indeed, up to now, by analogy with
the tetragonal structure (P42/mnm) proposed by Le Meins et al. for the phase reported to
be NasV2(POa4)2F3[82], all the compositions (whatever the value of y’) were described in

P4,/mnm and not in Amam.
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— Ve S.G. Amam -

n — Veatc S.G. P4y/mnm

Tgobs = Yeale r a=9.0289(2) A " Yobs ~ Yealc a=b=9.0291(2) A
ra 0S. | B 1

9P b =9.0289(2) A rag9 pos ¢ =10.6375(5) A

¢=10.6374(3) A Rwp = 14.1%; RBragg = 4.62%

o
—
S

Intensity (a.u.)
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Figure 2.10 : Rietveld refinement results for NazV2(PO4)2F15015 in (@) Amam space group and
(b) P42/mnm space group at A = 0.8251 A,

The structures of NasV2(PO4)2F15015 (v’ = 1.5) and Naz(VO)2(POa)2F (v’ = 2.0)
were analyzed in both Amam and P42/mnm space groups. As shown in Figure 2.10 and
Figure 2.12 and in good agreement with the observation made already for
NazV2(POa4)2F20 (y’ =1.0) [143], no peak splitting of the (400) and (040) diffraction lines
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was observed. In order to discriminate between the two structural hypotheses (the
orthorhombic unit cell versus the tetragonal one) for NasV2(POs)2F15015 and
Na3(VO)2(POs).F, an in-depth analysis of the Fourier difference maps, of the bonds
calculated for the POs and VO4(F,0)2 polyhedra and of the Na*—Na" distances, was
required. Nonetheless, the results of the Fourier difference maps and the bond length
analysis of NasV2(PO4)2F15015 and Na3(VO)2(POa4).F by considering the Amam and
P4,/mnm space groups are so close and hence it was not easy to decide which is the best
structural description for these compositions just by the use of SXRD. Furthermore, the
crystal size of these phases was too small for a single crystal XRD study to be performed.
Electron diffraction was also performed on these materials, but the Na* ions in
NasV2(POa4)2F15015 were so mobile that under the electron, the high temperature
polymorph indexed in the I4/mmm space group was detected. In the case of

Nas(VO)2(POs)2F, the phase was unstable and decomposed under the electron beam.

Residual charge density

H 0.97

Space group Amam Space group P4,/mnm

Figure 2.11 : Fourier difference maps calculated for Naz(VO)2(POa)2F in Amam and P4,/mnm space
groups.

In the limit of the data obtained from SXRD, the obtained results suggest that the
Amam description is the most appropriate one. Indeed, the Fourier difference maps
calculated in the Amam space group show less charge residue than those calculated in the
P4,/mnm space group (Figure 2.11). The XRD patterns calculated in the Amam space
group give a smaller number of diffraction lines (in P42/mnm, many are calculated with
null intensities). Furthermore, longer Na*—Na* distances were obtained in Amam and thus

allowing a minimization of the electrostatic repulsions within the diffusion channels.
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Figure 2.12 : Rietveld refinement results for Naz(VO)2(PO.).F in (a) Amam space group and
(b) P4,/mnm space group at A = 0.8251 A,

The evolution of the cell parameters is given in Figure 2.13, in comparison with
those reported by Park et al. [101], by Serras et al. [172] for oxygen-rich composition and
by Tsirlin et al. [135] for the end member Naz(VO)2(PO4)2F. Note that all these results
are consistent and in very good agreement. Indeed, as shown in Figure 2.13, a linear

decrease of a, b and c is observed with an increasing substitution of oxygen for fluorine:

this latter is compensated by the oxidation of V** into V** and by the shrinking of the

VVO4(F,0)2 octahedra with the formation of more covalent V-0 bonds in the square planes
and of vanadyl-type bonds along the axis of the bioctahedral units V2Og(F,O)s. It shows
the rather good miscibility between oxygen engaged into a vanadyl-type bond and

fluorine, and thus allowing the formation of a solid solution between the two end members
NasV3*2(PO4)2F3 and Naz(V4*0)2(POs)2F.
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Figure 2.13 : The evolution of the unit cell parameters determined for NasV2(PO4)2F34Oy (0 <y’ <2)
materials obtained in our group (in this work, and by Broux et al. [14]), in comparison with those reported
in the literature [7,13,30]. All the NasV2(PO4)2F3.-Oy phases reported in the literature were indexed in the

space group P4,/mnm. By the use of high resolution synchrotron X-ray powder diffraction, a subtle

orthorhombic distortion described in the space group Amam was detected in the phases such as y’ < 1.
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For the specific case of Naz(VO)2(POa)2F, as highlighted by the enlargements

given in Figure 2.14, some low intensity diffraction peaks are not indexed in the

orthorhombic cell. The doubling of the three unit cell parameters (2a x 2b x 2c) is required

to index all the reflections, and in that case the smaller unit cell required to describe the

structure is monoclinic (P2:/m) with a modulation vector of q = %2 b* + % c* (Figure

2.14, bottom) associated to the ordering of the Na* ions along the b and ¢ axes. The

distribution of the Na* ions within the diffusion channels and the modulation waves

associated to each Na* site are given in Figure 2.15 and Table 2.2. The single PO*

anionic group present in the structure is such that the P-O bonds vary between 1.48 and

1.59 A, whereas two vanadium sites are observed, one with a short V=0 vanadyl type
bond of 1.53 A and the other one with a longer V=0 vanadyl type bond at 1.71 A.
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Figure 2.14 : (a) Rietveld refinement of synchrotron powder X-ray diffraction of Nas(VO)2(PO4)2F
(after washing) recorded at A = 0.8251 A in the Amam space group. The zooms on the figure show the
presence of some low intensity diffraction peaks that are not indexed, (b) The refinement of synchrotron
powder X-ray diffraction of Nasz(VO)2(POa)2F refined in the P2:/m space group with a modulation vector

of g=%b* + % c*.

Electron diffraction experiments were performed to try to confirm the monoclinic

unit cell and the presence of a modulation vector. Unfortunately, the sample was unstable

and decomposed under the electron beam, at ambient and low temperatures.
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Figure 2.15 : (a) Proposed modulated structure of Nasz(VO)2(POa4)2F, and
(b) The Na occupancy modulation waves.

Table 2.2 : Atomic positions in Nas(VO)2(PO4)2F by considering the P2:/m space group.

S.G. P2y/m a=6.9688(1) A Reragg = 3.87%
b =9.0298(1) A R, = 3.59%
¢ =6.9686(1) A Rwp = 5.20%
B =199.24(1)

Atoms X y z Occupancy Biso
V(1) 0.0496(1) 0.25 0.9473(3) 1 0.11(1)
V (2) 0.4474(2) 0.25 0.5487(2) 1 0.11(1)
P(2) 0.2544(4) 0.0028(3) 0.2460(5) 1 0.08(1)
0@ 0.2375(3) 0.0948(4) 0.0667(2) 1 0.10(2)
0 (2) 0.0594(4) 0.5898(3) 0.2426(2) 1 0.10(2)
0 (3) 0.4464(3) 0.5902(4) 0.2553(5) 1 0.10(1)
0 (4) 0.2731(4) 0.0915(3) 0.4269(5) 1 0.10(1)
O (5) 0.6010(4) 0.25 0.3807(5) 1 0.10(1)
O (6) 0.9160(5) 0.25 0.1022(3) 1 0.10(1)
F (1) 0.2474(3) 0.25 0.7473(3) 1 0.10(1)
Na (1) 0.7833(4) 0.0224(3) 0.2882(3) 0.73 1.0(1)
Na (2) 0.5046(2) 0.25 0.0128(2) 0.99 1.0(1)
Na (3) 0.0195(3) 0.7008(2) 0.5351(3) 0.19 1.0(2)
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The cell parameters of all the NasV2(POs)2F3., Oy (0 <y’ < 2) phases indexed in
the Amam space group are given in Table 2.3. For comparison purpose, the Amam space
group was applied for Naz(VO)2(PO4)2F, not the absolute space group P21/m with the

modulation vector.

Table 2.3 : Unit cell parameters of NasV2(POs)2F34Oy (0 <y’ <2). Fory’ = 1.5 and y’ = 2.0, the two unit
cells (orthorhombic and tetragonal) could not be clearly discriminated by Rietveld analysis of the
diffraction data.

y' value Composition S.G. a(A) b (A) c(A) ViZ (A3
0.0 NasV2(POs)2F Amam  9.02847(3) 9.04444(3) 10.74666(6) 219.386(6)
0.2 NasVo(POs)oF26002  Amam  9.0308(1)  9.0429(1)  10.7389(1)  219.248(1)
0.4 NasVo(POs)oF26004  Amam  9.0322(1)  9.0412(1)  10.7213(1)  218.885(1)
0.6 NasV2(POs)oF24006  Amam  9.0336(1)  9.0396(1)  10.7065(1)  218.576(1)
0.8 NasVa(POs)oF2200s  Amam  9.0337(1) 9.0383(1) 10.6962(1)  218.337(1)
1.0 NasV2(PO4)2F20 Amam  9.0353(1) 9.0375(1) 10.6863(1)  218.151(1)
15 NasVa(POs):F1sOrs  Amam  9.0289(2) 9.0289(2) 10.6374(5)  216.793(3)
2.0 Nas(VO)2(PO)F Amam  9.0286(4)  9.0283(4)  10.6149(2)  216.313(2)

IR spectroscopy was used in order to get a better insight into the formation of the
vanadyl-type bonds and their spreading within the framework of
NazV3*2.-V4*y:(PO4)2F34-0y With y” such as 0 <y’ < 2. The comparison of the overall
spectra is given in Figure 2.16 in the wavenumber range of 400 - 3000 cm™, and the
corresponding enlargements in Figure 2.6d in the wavenumber range of
800 - 1300 cm™. The tiny stretching mode observed at ~ 940 cm™ for NazV2(PO4)2F3
corresponds to the localized V=0 vanadyl-type defects present in a fluorine-rich
composition [136,173]. Two vibrational bands are observed at ~ 910 cm™ and ~ 940 cm'?
when oxygen is partially substituted for fluorine in NasV®*2.,-V#*y:(POa4)2F3-Oy:, their
overtone bands being at ~ 1840 cm™ and ~ 1870 cm™, respectively. The intensity of the
signal at ~ 910 cm™ increases while that at ~ 940 cm™ decreases when the y’ value moves
from 0 to 2, and the vibration at ~ 940 cm™ is very similar to the vanadyl stretching mode
observed for NasV2(POs)2F3. The presence of these two signals indicates two different
local environments for the vanadyl bond V=0: the one at 940 cm™* would correspond to
vanadyl bonds with a V—F bond opposite along the axis of the bioctahedral unit, and that
at 910 cm™* to vanadyl bonds with a V=0 bond opposite along the axis of the bioctahedral

unit.
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Figure 2.16: The IR spectra of N3.3V2(PO4)2F3, Na3V2(PO4)2F2_40o_6, N8.3V2(PO4)2F20,
NazV2(PO4)2F15015, and Nas(VO)2(PO4)2F powders recovered after washing in the wavenumber range of
400 - 3000 cm™*. No vibrational frequency of V=0 bond was detected in NazV2(PO,)2Fs, while the
characteristic stretching modes of V=0 bond at ~ 900 cm™, and ~ 1800 cm™ (overtone) were observed in
other compounds.

A comparison of the structures of NazV2(POa)2F1501.5 and Nas(VO)2(PO4)2F with
those we previously reported for NagV3*2.y-V4*y:(PO4)2F34-0y (0 <y’ < 1) shows that the
orthorhombic structural model is the most appropriate one to describe the overall solid
solution NazV2(POa4)2F3 - Nas(VO)2(POs)2F. In the case of Nas(VO)2(PO4)2F, its absolute
structure should be described in the P2:/m space group with a modulation vector in order

to take into account the long-range Na* ions ordering.

11.3.4.Electrochemical properties

The electrochemical properties of NazV2(PO4)2F20, NazV2(POas)2F15015 and
Naz(VO)2(POs)2F as positive electrodes in half cells vs. Na are compared in Figure 2.17
to those of our reference [131], optimized carbon-coated NaszV2(POas)2Fs. The
electrochemical profiles were obtained at a cycling rate of C/10 per Na* in the potential
range 2.5—4.3 V vs. Na*/Na. As expected larger polarizations are observed for the oxygen
substituted compositions as the materials were not carbon coated. Nevertheless, for all
the compositions, about two Na* ions can be extracted reversibly in two voltage domains
in this potential window: the first Na* ion at 3.6 — 3.7 VV vs Na*/Na and the second Na*
ion at 4.0 — 4.20 V vs Na*/Na.
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Figure 2.17 : (Left) Comparison of the electrochemical charge/discharge curves obtained for the carbon-

coated Na3V2(PO4)2F3, N8.3V2(PO4)2F20, Na3V2(PO4)2F1_501_5 and Nag(VO)z(PO4)2F in sodium half cells

at the cycling rate of C/10 per Na* ion, (Right) The first derivatives of the corresponding electrochemical
curves.

For the two end members NazV2(POa)2F3 (v’ = 0) and Naz(VO)2(POa4)F (v’ = 2),
voltage-composition “plateaus” can be observed that imply the formation of several
intermediate phases during charge/discharge, whose crystal structures were reported by
Bianchini et al. [132] and Sharma et al. [146], respectively. For the compositions
corresponding to partial oxygen substitution for fluorine in NazV3*2-y"V**,(PQ4)2F3.,-Oy,
the voltage-composition signatures are slopping indicating solid solution type
mechanisms, with a continuous Na* deintercalation and re-intercalation from/in the
structure during charge/discharge. In these systems, phase transitions - when observed -
are associated to charge and/or alkali orderings. In fact, no superstructure was observed
in the pristine materials NasV3*2.,-V#*,:(POu)2F3.-Oy (v’ # 0,y # 2) showing that V3* and
V#4* (as well as the terminal O and F anions in the bioctahedral units) are statistically
distributed within the framework, and thus not ordered. On the contrary, for the V** only
composition NasV2(POa4)2F3 and for the V4* only composition Nas(VO)2(POa)2F, charge
and alkali orderings can be stabilized, and are indeed observed, as they allow to minimize
(i) the strains within the host structure (with the homogeneous distribution of the bond
lengths) and (ii) the electrostatic repulsions between the alkali ions within the diffusion
channels. It is also interesting to highlight that the average voltage corresponding to Na*

extraction decreases continuously upon oxygen substitution for fluorine. This decrease is
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induced by the formation of strongly covalent vanadyl-type bonds that induce a so-called
“reverse inductive effect” and promote the activation of the {V>*=0}**/{V**=0}** redox
couple at lower voltage.

Theoretically more than two Na* ions can be electrochemically extracted per
formula unit of NasV3*2.,V#*,-(POu)2F3.,-Oy:, up to three Na* ions for NazV2(POa)2F3 with
an oxidation of V' to an average oxidation state of V4°*. The reversible deintercalation
and reintercalation of 3 Na* ions would lead to an increase of the capacity delivered by
NasV2(POa4)2F3 of 50%. Very recently, a third voltage-composition plateau that would
correspond to the extraction of an extra 0.5 Na*™ was observed at 4.75 V vs. Na*/Na for
NaszV2(PO4)2F3 [152]. This overall extraction of 2.5 Na* ions during the first charge
apparently leads to an irreversible transformation of the structure with the formation of a
so-called new modification of NasV2(POs)2Fs described in a disordered tetragonal
structure (14/mmm) that allows for the re-insertion of only 1.5 Na* in the potential window
of interest for applications. It was hence interesting to consider the behavior of oxygen
substituted NazV3*5.,-V**,(PO4)2Fs.,-Oy at high voltages.
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Figure 2.18 : (a) The electrochemical profile recorded for a Na//NaszV2(POa4)2F3 half-cell during the first
and the second cycles, the voltage window being widened up to 5.0 V vs. Na*/Na during the first cycle.
The inset gives the corresponding charge/discharge capacities as a function of the cycle number, (b) The
corresponding first derivative curves calculated for the first and second cycles. Irreversible reaction is
highlighted by an arrow, (c) The electrochemical profile recorded for a Na//NasV2(PO4):F1501 5 half-cell
during several cycles, the voltage window being widened up to 5.0 V vs. Na*/Na during the first cycle, (d)
The corresponding first derivative curves.
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Figure 2.18 gives the comparison of NazV2(POs)2F3 and NazV2(POs)2F15015
when used as positive electrodes electrochemically cycled up to 5 V vs. Na'/Na.
Theoretically 3 Na* ions can be deintercalated from NasV2(POa)2F3 with the oxidation of
vanadium up to an average oxidation state of +4.5 thus being an ion-limited reaction. In
the case of NazV2(POs:)2F15015, 2.5 Na* ions should be extracted with the oxidation of
vanadium up to the average oxidation state of +5 and thus a redox-limited reaction. The
data plotted in Figure 2.18 confirm that in continuous galvanostatic cycling conditions at
C/10 per Na* ion, a third plateau is indeed observed during the first charge of
Na//NazV2(POs)2F3 at high voltage. It corresponds to a voltage jump of 0.5 V after the
deintercalation of 2 Na* ions from the structure and to an additional exchange of 0.5 extra
electrons, in good agreement with the results already reported by Yan et al. [152].

The derivative curves of the first and second cycles given in Figure 2.18b confirm
the irreversible transformation occurring along the third plateau, with sharp peaks
associated to successive biphasic reactions during the first charge and then, during the
next discharge and cycles, broader peaks showing a drastic change in the reaction
mechanism. The inset in Figure 2.18a compares the evolution of the charge and discharge
capacity upon cycling and highlights that the overcapacity is only observed during the
first charge at high voltage and is never recovered then in the potential window practically
required for a Na-ion battery developed for applications. For Na//NasV2(PO4)2F15015 a
voltage jump of ~ 0.5 V is observed at high voltage, as for NazV2(POa)2F3, after the
deintercalation of 2 Na* ions from the structure of NazV2(POa)2F15015. No third plateau
is observed but rather a continuous voltage increase when the upper voltage limit is
increased to 5 V vs Na*/Na until the full Na* deintercalation from NaxV2(PQOa)2F15015
(Figure 2.18c). The “deintercalation” up to a composition of “x = 0” is intriguing and
unexpected, as the number of transition metal redox centers is such limited that only the
exchange of 2.5 Na* would be possible. This extra capacity observed in the high-voltage
region for Na//NasV2(POa4)2F15015 would thus be associated with the degradation of the
electrolyte. This hypothesis is further supported by the fact that, on the contrary to the
observation made for NasV2(POa4)2F3, the first charge to high voltage does not induce any
modification of the next cycles, as also highlighted by the derivative curves given in
Figure 2.18d.
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11.3.5. Operando X-ray absorption spectroscopy

In order to get more insight into the redox processes involved during these first
charges to high voltage, analyses were performed operando, during the operation of the
batteries, by X-ray absorption spectroscopy (XAS) at the Vanadium K-edge. The
electrochemical data recorded in the in situ electrochemical cells are given in Figure
2.19a and Figure 2.19c for Na//Na3V2(POas)2F3 and Na//NazV2(PO4)2F15015
respectively.
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Figure 2.19 : (a) The correlation between the electrochemical profile and the XANES spectra recorded
operando during the cycling of the cell Na//Na3V2(PQa)2F3 at C/5 per Na* ion, (b) Operando Vanadium
K-edge XANES spectra recorded during Na* deintercalation from NazV2(POa)2F3. The inset focuses on
the pre-edge region, (c) The correlation between the electrochemical profile and the XANES spectra
recorded operando during the cycling of the cell Na//NasV2(POa4)2F15015 at C/10 per Na* ion, (d)
Operando Vanadium K-edge XANES spectra recorded during Na* deintercalation from
NasV2(POa4)2F1501 5. The inset focuses on the pre-edge region.

Broux et al. have shown, especially by the analysis of the pre-edge of the XAS
spectra, that the deintercalation of the first Na* ion from NazV2(PO4)2F3 was associated

to the formation of V3—V*" pairs in the bioctahedral units. The subsequent

70

——
| —



Chapter Il - Anionic Substitution in NasV2(POa)2F3

deintercalation of the second Na* ion leads to the formation of V3*—V°* pairs [133].
Indeed, significant modifications were observed during the oxidation of V3* into V#* and
V*°* with a global shift to higher energy for the pre-edge and for the edge upon oxidation.
The presence of V° in NaiV2(POa)Fs at 4.3 V vs. Na*/Na was supported by the

observation of a characteristic signal at 5471 eV [133].

Similar results were obtained in the present study, as shown in Figure 2.19b, and
as highlighted by the changes observed between the spectra #1, #20 and #40. Surprisingly,
upon further Na* deintercalation, no shift of the absorption edge is observed between the
spectrum #40 corresponding to NaiV2(POa4)2F3 and the spectrum #57 recorded at the end
of the charge and corresponding to a theoretical composition of Na-0.15V2(PO4)2F3
(Figure 2.20a, and Figure 2.21 that gives the evolution in the energy of the absorption
edge). This result suggests that vanadium does not participate at all into the redox
processes in this potential domain (on the third plateau). Indeed, a careful inspection of
the XANES results show that only the pre-edge is modified with an increase of the
intensity versus that observed for the spectrum #40: this suggests that the local
environment around vanadium is increasingly distorted, and thus that significant
modification of the vanadium environment is observed, but not of the vanadium oxidation
state. Note that similar results are observed in [152] in Figure 7b-c, even if interpreted
differently, with a great similarity between the spectra recorded at the Vanadium L-edge
and Oxygen K-edge on the compositions assumed to be Nai;V2(PO.)F: and
Nao.25V2(POas)2F3. These results suggest a drastic reorganization and instability of the
structure of Na1V2(POa4)2F3 when the battery is overcharged. The XRD and NMR results
reported in [152] suggest in fact a strong degradation of the long range atomic structure.
At this stage of our understanding, we suggest that the electrons exchanged at high voltage
would be associated to the oxidation of the electrolyte, occurring in parallel to the
structure degradation. This highly charged state has to be revisited considering this
hypothesis, and considering especially the Na/V ratio.
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Figure 2.20 : (a) A comparison of the Vanadium K edge XANES spectra recorded for a
Na//NasV2(POa).F3 half-cell at some critical points: beginning of the charge (Spectrum #1), at the end of
the first plateau on charge (Spectrum #20), at the end of the second plateau on charge (Spectrum #40),
and at the end of the third plateau on charge (Spectrum #57), (b) A comparison of the Vanadium K edge
XANES spectra recorded on a Na//NazV2(POa4)2F15015 half-cell at some critical points: beginning of the
charge (Spectrum #1), formation of NayV2(PO4)2F15015 (Spectrum #35), formation of
Na1V2(POa)2F1501 5 (Spectrum #70), and at the end of the charge (Spectrum #83). The spectra #71 and
#83 are very similar as there is no change in the Vanadium oxidation state and in its local environment.

Interestingly, the XAS spectrum of NazV2(PO4)2F1501 5 is significantly different
from that of NasV2(POa4)2F3, with an additional intense signal at 5469.5 eV in the pre-
edge region (Figure 2.19d and Figure 2.19b). Indeed, in this mixed valence composition,
the stoichiometry is such that one V3* exists besides three VV**, those being engaged in
vanadyl-type bonds {V*#=03}?*. The environments of V3' are ‘quasi’-symmetric
VOu(F,0): sites with six V¥*—F/O bond lengths around 1.9 — 2.0 A, whereas those of V**
are highly distorted VO4O(F,0) sites with a long V**—(F,0) bond around 2.2 A and a
short and highly covalent V4*=0 bond around 1.6 A [83,135,169]. These latter vanadyl-
type environments are in fact responsible for the intense signal at 5469.5 eV.

Upon charge, this signal decreases gradually in intensity while a new signal grows
at 5471.5 eV (Figure 2.20b, spectra #1 to #71). At the same time, a continuous shift of
the absorption edge is also observed from 5481.9 eV for the spectrum #1 to 5484.6 eV
for the spectrum #70. These evolutions confirm the oxidation of vanadium in the voltage
range 3.56 - 4.12 V vs. Na*/Na. Nevertheless, all the spectra recorded at higher voltage
remain identical (see Figure 2.20b that compares the spectrum #71 and the final spectrum
#83), showing also that the overcapacity observed is not associated with the participation
of vanadium to the redox processes, but most probably also to electrolyte decomposition.
In that case, on the contrary to the observations made for NazV2(PO4)2F3 no modification
of the pre-edge is observed, suggesting that the local structure around vanadium remains

the same.
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Figure 2.21 : The evolution of the energy of the absorption edge (taken at normalized intensity = 1.0) of
operando Vanadium K edge XANES spectra recorded for a Na//NazV2(POa).F3 half-cell and a
Na//Na3V2(PO4)2F1,501,5 half-cell.

It is interesting to highlight that the highly deintercalated NaxV2(POa)2F3 has been
predicted to be thermodynamically unstable by theoretical calculations [119,129]. In our
opinion it has thus to be considered with careful attention, considering especially the
results just discussed. Furthermore, as mentioned earlier, partial oxygen substitution for
fluorine could be seen as a stabilizing factor in the overcharge state of the battery. Indeed,
the highly deintercalated NaxV2(PO4)2F15015 appears to be stable, at least over a few
cycles. Finally, it is also interesting to mention that, if it occurs or if it should occur, the
overcapacity associated with the deintercalation of extra Na* ions (vs. the “classical” 2
Na* ions) should be obtained at lower potential for NazV2(POa)2F15015, as oxygen
substitution for fluorine was shown to shift down the average voltage of the reaction. This
absence of the third plateau for NasV2(PO4)2F15015 is perhaps another argument to
question further the origin of the mechanism involved at high voltage.
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11.3.6. The paradox of Vanadium redox couple in NasV2(PO4):F3., Oy

11.3.6.1. NasV2(POa)2F3

11.3.6.1.1. First charge up to 4.8 V vs. Na*/Na

The operando Vanadium K-edge XAS data set recorded on the
Na//NazV2(PO4)2F3 half-cell during the first charge up to 4.8 V vs. Na*/Na (Figure 2.19b)
was globally analyzed using the chemometric approach, based on a combination of
Principal Component Analysis (PCA) and Multivariate-Curve Resolution Alternating
Least Squares (MCR-ALS) [174-176]. All the PCA and MCR-ALS analyses in this work
were done in collaboration with Stéphanie Belin and Antonella ladecola at the ROCK
beamline at SOLEIL synchrotron facilities (Saint-Aubin, France). PCA allows to
determine the minimum number of independent components required to describe the
whole operando data set obtained during the electrochemical cycling. The number of
principal components is then used as the basis for the MCR-ALS analysis [177,178],
allowing the reconstruction of the principal orthogonal components needed to interpret
the whole data set. In this study, the spectra reconstruction was done using the ‘Pure’ and
‘Evolving Factor Analysis’ (EFA) methods [179-181]. In order to produce chemically
and physically meaningful results, the concentration profile of the principal components
was constructed by applying the following constraints: (i) non-negative concentration
value, (ii) unimodality (the concentration of each principal component can reach the
maximum value only once), and (iii) closure (the sum of the concentration of all the

components must be equal to one).
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Figure 2.22 : Concentration profile of the four principal components required to describe the operando
XAS spectra recorded on a Na//NazV2(PO.).F3 half-cell upon charging from 2.5 - 4.8 V vs. Na*/Na.
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The variance plot obtained from the PCA analysis performed on the data set given
in Figure 2.19b shows that four independent components are required to describe the
whole system and their corresponding concentration profile is given in Figure 2.22.
Broux et al. have earlier proposed that the natures of the first three principal components
observed in the voltage range of 2.5 - 4.3 V vs. Na*/Na are V¥*-F-V3*, V¥ —F-v** and
V3*—F-V/** bioctahedra, respectively [133]. By increasing the upper cutoff voltage to 4.8
V vs. Na*/Na, the fourth component is observed (Orange points in Figure 2.22). As
illustrated above, there is no change in the oxidation state of vanadium species on the
third voltage plateau (Figure 2.20a), and hence the nature of this new component is still
associated to V3 —F-V°* bioctahedra, but the vanadium local structure is now highly
distorted as indicated by a great increase in the intensity of the pre-edge signal (Figure
2.20a).

The XAS spectra of the principal components are reconstructed by the ‘Pure’ and
EFA methods. The reconstructed XAS spectra obtained from the two mentioned methods
are identical, and hence only the ‘Pure’ method will further be used to reconstruct the
XAS spectra. The Fourier transformation and EXAFS analysis are performed on the
reconstructed XAS spectra of the principal components in order to determine changes in
vanadium local environments. The EXAFS analysis allows us to determine the metal-
ligand distances as well as the Debye-Waller factor of the corresponding ligand. In
NasV2(POa)2Fs, there exist V2.OgF3 bioctahedral units with two vanadium centers, hence
there are 12 degrees of freedom for the distances and 11 other degrees of freedom for the
Debye — Waller factors (Figure 2.23). The number of parameters that can be included in
an EXAFS fit, however, is limited by:

N = 2-Ak-AR/n
with N : The number of parameters that can be fit independently
Ak : The k-range used in the forward Fourier transformation

AR : The R-range used in the backward Fourier transformation

In this study, the k-range is taken from 2.6 — 11.2 A"t and the R-range of 1.0 — 2.1
A is generally used, thus a maximum of 5 independent parameters can be included in the
EXAFS fit and a simplification of the Vanadium structural model is required. In order to
reduce the number of variables, we thus assume that all the surrounding F/O ligands have
the same Debye — Waller factor, the energy shift (E°) and the attenuation factor (S¢?)
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being fixed at 0 and 1 for all the fits, respectively. In the case of NasV2(POs).Fs3, the
SXRD data revealed that two V3* sites in the same bioctahedron are equivalent and the
V3 local environment is highly symmetric [83,132], thus only one variable is used for all
the distances in the EXAFS fit.

Figure 2.23 : Structure of a bioctahedral unit with its neighboring distances.

The fits of the k®>-weighted Vanadium K-edge EXAFS spectra Fourier transform
(k-range: 2.6 — 11.2 A, sine window) in the R space and the corresponding fit of the real
part of (q) corresponding to the reverse Fourier transform considering only the R-range
1.0 — 2.1 A with dR = 0 A are shown in Figure 2.24. The most appropriate structural
results must satisfy two conditions: (i) chemically reasonable and (ii) leading to the best
fit in the R- and g-spaces.
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Figure 2.24 : (a) Fit of the k>-weighted Vanadium K-edge EXAFS spectra Fourier transform (k-range:
2.6 —11.2 A, sine window) in the R space (R-range: 1.0 — 2.1 A, dR = 0, sine window) for the four

components determined by PCA. Their corresponding spectra were reconstructed by MCR-ALS with the

‘Pure’ method; (b) The corresponding fit of the real part of ¢ (q) corresponding to the backward Fourier

transform by considering only the R-range 1.0 — 2.1 A with dR = 0 A. The circles represent the
experimental data and the solid lines represent the fits.
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The EXAFS fit performed on the Fourier transformed spectrum of the first
component (pristine NasV2(POa)2F3) shows that the V3" site is symmetric with six equal
V—O/F bond lengths (2.01 A). These refined values are in agreement to those obtained
by SXRD (dv—o(1) = 2.006(9) A x 2, dv—op) = 1.965(9) A x 2, dv—r1) = 1.981(2) A, and
dv—re) = 1.968(6) A) [83]. This is also in agreement with the observation of a very weak
pre-edge signal on the Vanadium K-edge XANES spectrum recorded for the
NasV2(POa)2F3 phase and also at the beginning of charge.

Upon charging, one of the V3* in the V3 —F-V3" bioctahedron is gradually
oxidized into V** forming a VV**—F-V** bioctahedron (Second component) with a slight
contraction of all the surrounding V—O/F bond lengths around the V** center;
nonetheless, the V** site is assumed to retain its octahedral symmetry [133]. The EXAFS
data was fit by considering the presence of two different sites in the bioctahedron. The
V3 site is completely symmetric and one variable is used to represent its six surrounding
V—O/F bonds while a slight distortion might occur on the opposite V** site and three
distance variables are required: one for the four equatorial V4*—O bonds, one for the
terminal V**—F and one for the sharing V#*—F bond. One common Debye-Waller factor
value was used for all the scatterers. On the second electrochemical plateau, V°* is formed
in the V3*—F—V/** bioctahedron (Third component) [133] and the EXAFS spectrum is fit
by the use of the same structural model as the one described for V3*—F-V** bioctahedron.
The V—O/F bond lengths in the vanadium’s first coordination sphere obtained from the
EXAFS analysis of each principal components are summarized in Table 2.4.

Table 2.4 : V—=O/F bond lengths in Vanadium’s first coordination sphere obtained from the EXAFS
analysis performed on the reconstructed XAS spectra of the four principal components required to
describe the operando data set recorded on a Na//NasV2(POa)2F3 half-cell upon charging up to 4.8 V vs.

Na*/Na.
Symmetric site Distorted site
dv-rio (A) dv—r (A) dv-o (A) dv-r (A) o (A?)
Component 1 201%x6 4.8-103
Component 2 197 %6 191x1 197 x4 1.75x1 6.0-1073
Component 3 1.92x%x6 1.84x1 1.95x%x4 1.80x1 6.1-10°3
Component 4 1.92%x6 227 x1 1.95x%x4 1.84x1 7.5-10°3
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When moving to the third voltage plateau, the fourth component is observed,
however the absorption energies of the third and the fourth components are the same
suggesting that they both correspond to the V**—F-V/** bioctahedra. An intense signal is
detected in the pre-edge region of the XANES spectrum of the fourth component implying
that at least one of the vanadium local environment is highly distorted. We suggest that
the V°* local environment becomes highly distorted at this stage as V** usually prefers a
symmetric environment. The EXAFS data was fit by considering the same model as the
one used to describe the second and the third components. Reasonable results were

obtained with this model: the assumed V3" site is symmetric with dys+—o/p = 1.92 Ax6
while the V> site is greatly distorted with dys+_ = 1.95 A x 4, dys+_g(;) = 1.84 A and
dys+_pez = 2.27 A. Therefore, the oxidation of the V**~F-V** bioctahedron will first

generate the V3*-F-V°* bioctahedron with a strong bonding contraction and a slight
distortion around V°*. However, the V®* usually prefers to reside in a highly distorted
environment, and hence the application of a high voltage value (~ 4.8 V Na*/Na) will
trigger an irreversible structural distortion. The VV°* ion will gradually move off the center
of the octahedral site together with an elongation of the bond engaged to the bridging F

atom while its opposite V—F bond is significantly shortened.

11.3.6.1.2. Discharge to 2.5 V vs. Na*/Na

After a charge up to 4.8 V vs. Na'/Na, an irreversible modification of the
electrochemical profile of NasV2(POa4).Fs was observed (Figure 2.18a). A discharge
down to 2.5 V vs. Na*/Na was performed on the operando half-cell in order to follow the
evolution of the vanadium oxidation state in latter cycles. The electrochemical profile of
the operando Na//NazV2(PO4)2Fs half-cell is given in Figure 2.25.

After a long time holding of the cell at 4.8 V vs. Na*/Na, a sudden voltage drop
was observed due to the electrolyte decomposition reaction (Figure 2.25), and hence the
cell was forced to switch to discharge with a lower cutoff voltage of 2.5 V vs. Na*/Na.
An irreversible modification of the electrochemical profile was detected as similar to
those obtained in a coin cell test (Figure 2.18a). In discharge, the edge energy of the
XANES spectra shifted down to lower values and the intensity of the pre-edge signal also

decreases gradually (Figure 2.26a and b). Nevertheless, the XANES pre-edge signal was
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still obvious even at the end of discharge at 2.5 V (Figure 2.26a and c) indicating that the
vanadium environment remains significantly distorted and does not recover its initial
state. A comparison between the Vanadium K-edge XANES spectrum recorded on the
pristine NasV2(POa)2F3 and the one recorded at the end of the 1% discharge (2.5 V vs.
Na*/Na) reveals that all the vanadium ions present in the reintercalated material are
reduced to V3* (Figure 2.26c). The structural distortion stabilized on the high voltage

plateau is thus irreversible.

1%t cycle
2" cycle

E vs. Na*/Na (V)

xin Na,V,(PO,),F,

Figure 2.25 : Electrochemical profile of the Na//NazV2(PQO4)2F3 half-cell used in the operando XAS
experiment. Several cutoff voltage values were applied in order to investigate the evolution of the
Vanadium oxidation state at different cycling conditions.

Furthermore, the operando Vanadium K-edge XANES spectra recorded in the
first charge shows a brutal change between the spectrum #19 and #20 (Figure 2.19b),
which corresponds to the formation of the intermediate phase Na,V2(POa)2F3, while the
obtained data during discharge shows a smooth evolution of all the spectra (Figure
2.26a). The PCA analysis reveals the presence of two principal components (components
1’ and 2°) required to describe the system during a discharge from 4.8 to 2.5 V vs. Na*/Na
which is completely different from the set of four components observed in the first charge
from 2.5 to 4.8 V. EXAFS analyses were also performed on the spectra of the two
independent components and the obtained results shows that the first component is
associated to the highly distorted V3*—F-V°* bioctahedron whose structure has been
described above while the second component is a V3*-F-V/** bioctahedron where one V3*
site is symmetric with dys+—g r = 2.03 A x 6 while a great distortion is observed for the

other site dys+_o = 1.99 A x 4, dys+_py = 1.82 A and dys+_p(y) = 1.59 A. The Debye-

Waller factor was assumed to be ¢ = 3.8-10° A? for all the surrounding ligands.
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Figure 2.26 : (a) Operando Vanadium K edge XANES spectrum recorded on a Na//NazV2(PQOa).F3 half-
cell in its first discharge. The inset focuses on the pre-edge region, (b) Evolution in the edge energy of the
Vanadium K-edge XANES spectra recorded on a Na//NasV2(PQO4)2F5 half-cell in its first discharge. The
edge energy is taken at the normalized absorption equals to 0.5, 0.8 and 1.0, respectively, (c) Comparison
of the Vanadium K-edge XANES spectra recorded for the pristine NasV2(POa),Fs3, after the 1% cycle at the
discharged state at 2.5 V vs. Na*/Na, (d) Concentration profile of the two principal components required
to describe the operando XAS spectra recorded on a Na//NasV2(PO4).F3 half-cell in the 1% discharge step
from 4.8 to 2.5 V vs. Na*/Na.

11.3.6.1.3. Second charge to 4.3 V and then discharge to 2.5 V vs. Na*/Na

After the first charge to 4.8 V and then discharge to 2.5 V vs. Na*/Na, a complete
charge/discharge cycle in the potential window of 2.5 — 4.3 VV was performed on the
operando cell. In the second cycle, the S-shape of the electrochemical curve is retained
with a reversible extraction/re-insertion of two Na* ions in the voltage range of 2.5 - 4.3
V vs. Na*/Na (Figure 2.25). The operando XAS experiment shows a linear evolution of
the spectra both in charge and discharge. The PCA analysis reveals that the system can
also be described by a linear combination of two components as given in Figure 2.26d.

The initial symmetric local environment of V** ion was not recovered in later cycles.
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11.3.6.2.  The paradox of V redox couple in NasV2(POa4)2F15015 and NasVo(PO4)2F.0

11.3.6.2.1. NazV2(POas)2F15015

This composition contains 75% V** and 25% V3, in which the V** local
environment is greatly distorted due to the formation of the vanadyl bond and the pre-
edge signal is quite obvious even in the initial state. The operando XANES spectra
recorded during the charge of a Na//NasV2(POa)2F15015 cell (i.e. Na* deintercalation
from NasV2(POa4)2F15015) shows a linear evolution of the data (Figure 2.19d), including
the edge and the pre-edge signals. There is no drastic change in the vanadium local
environment for this composition, even in the high-voltage region, and only two Na* ions
can be extracted up to 4.3 V. There is no further change in the vanadium oxidation state
in the higher voltage region. PCA was performed on this data set and three independent
compositions are required to describe the whole system during charge. The concentration
profile of these components are given in Figure 2.27a.

The Fourier transformation and EXAFS analysis were performed on the
reconstructed XAS spectra of the principal components in order to determine their
vanadium local environments. Among these three components, the reconstructed XAS
spectrum of the first component was identical to that recorded on the pristine composition
while the reconstructed XAS spectrum of the third component was similar to the one
observed at the end of charge. In NasV2(PO4)2F15015, there are 75% V** and 25% V** or
in other words 75% of the terminal fluorine positions observed in NazV2(POas)2F3 are
substituted by oxygen with the formation of vanadyl bonds. DFT calculations showed
that the local environment of V3* bonded to the terminal fluorine was symmetric while
that of V** bonded to oxygen was strongly distorted due to the formation of the vanadyl
bond [182]. In order to analyze the EXAFS data, we assumed that 25% of the sub-
octahedral units in the structure were symmetric F-V3*O4—F environments with only one
variant to describe all the distances while 75% of the sub-octahedral units were distorted
F-V*'04=0 environments with three distance parameters associated to the four equatorial
V#-0 bonds, the V**—F bond and the short vanadyl bond V4*=0. The fitting model can
thus be written as [6] x 25% + [4+1+1] x 75%. The fits of the k*-weighted Vanadium K-
edge EXAFS spectrum Fourier transform (k-range: 2.7 — 11.6 A, sine window) in the R
space and the corresponding fit of the real part of y(q) corresponding to the reverse
Fourier transform considering only the R-range :1.0 — 2.1 A with dR = 0 A are shown in
Figure 2.27c and Figure 2.27d.
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Figure 2.27 : (a) Concentration profile of the three principal components required to describe the
operando XAS spectra recorded on a Na//NasV2(POa).F1501 5 half-cell upon charging from 2.5 to 4.5V
vs. Na*/Na. The corresponding electrochemical profile is shown as black solid curve; (b) Reconstructed

XANES spectra of the three independent components in the NasV2(PO4)2F15015 — NaV2(PO4)2F1501 5
system; (c) Fit of the k?-weighted Vanadium K-edge EXAFS spectrum Fourier transform (k-range: 2.7 —
11.6 AL, sine window) in the R space (R-range :1.0 — 2.1 A, dR = 0, sine window) for the three
components determined for the NasV2(PO4)2F1.5015 - NaV2(PO4)2F1501.5 System. Their corresponding
spectra were reconstructed by MCR-ALS with the ‘Pure’ method; (d) The corresponding fit of the real
part of x(q) corresponding to the backward Fourier transform by considering only the R-range 1.0 — 2.1 A
with dR = 0 A. The circles represent the experimental data and the solid lines represent the fits.

The V—O/F bond lengths obtained from the EXAFS analysis for each principal
components are summarized in Table 2.5. Upon charge, all the surrounding bonds are
contracted gradually due to a decrease in the size of vanadium ions at higher charged
state. Comparing the first component (pristine NazV2(POa)2F15015) and the second
component, there is a significant change in the local environment surrounding V#* while
little changes are observed around V3'. This observation suggests there might be a
preferential oxidation of {V=0}*" to {V=0}*" in the low-voltage region while the
oxidation of {V=0}?* and VV**—F occurs simultaneously in the high-voltage region, which
is in agreement with what was reported earlier by Li et al. [145] The formation of the
vanadyl bond V#*=0, with a high covalency, induces the so-called “reserve inductive

effect” [169,183], and thus lowers significantly the potential value of the V°>*/V** redox
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couple. This effect can be understood as following: in the {V=0}*/{V=0}*" redox
couple, the V** ion is doubly bonded to the oxygen atom of the vanadyl bond and the high
covalency of this bond will eventually raise up the energy of the “anti-bonding” states of
V4, As was explained in Figure 1.7a and b, when the energy of the “anti-bonding” states
of the transition metal ion is raised up, the difference between the Fermi level of Na metal
and the Fermi level of the active material is reduced and thus a lower potential is observed.
In the {V=0}**/{V=0}*" redox couple, the vanadyl bond is so covalent that the energy
of the “anti-bonding” states of V#*=0 is raised to the same energy of the “anti-bonding”
states of V" in V3*—F. Therefore, the {V=0}3*/{V=0}?* redox couple can be activated

before or simultaneously with the V**—F/\V**—F redox couple.

Table 2.5 : V—O/F bond lengths in Vanadium’s first coordination sphere obtained from the EXAFS
analysis performed on the reconstructed XAS spectra of the four principal components required to
describe the operando data set recorded on a Na//NasV2(PO.).F15015 half-cell upon charging up to 4.5V

vs. Na*/Na.
Symmetric sitet Distorted site¥
dv-ro (A) dv—r (A) dv-o (A) dv=o (A) o (A?)
Component 1 1.94 %6 1.85x1 2.06 x 4 1.63x1 2.0-.10*
Component 2 191x6 176 x 1 2.02 x4 159x1 4.0-10°3
Component 3 1.86 x 6 1.77 x1 1.98 x 4 158 x 1 1.6-10°

T 25% of Vanadium sites are assumed to be symmetric while 75% are distorted

11.3.6.2.2 NagV2(POu)2F.0

In the case of NasV2(PO4)2F20, a linear evolution of the operando Vanadium K-
edge XANES spectra was also observed upon electrochemical cycling (Figure 2.28a)
and three independent components are also required to describe the recorded spectra
(Figure 2.28b).

There are 50% of V3** and 50% of V* in the pristine composition,
NazV2(POa)2F20, with 50% of the terminal fluorine atoms substituted by oxygen and we
assume that all the bioctahedra can be averagely depicted as FO4V3*—F—V**0,=0, where
V3* site is assumed to be symmetric while the V** site is highly distorted. Four different
populations of bond lengths were used for the EXAFS fit: one for all the V3*—F/O bonds
in the symmetric site, one for the vanadyl V#*=0 bond, one common variable for the four
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equatorial V4#*—O bonds and one parameter for the sharing V4*—F. This can be depicted
asa[6] +[4 + 1+ 1] fitting model. One common Debye-Waller factor is used for all the
ligands. The V—O/F bond lengths obtained from the EXAFS analysis for each principal
component are summarized in Table 2.6. As similar to NazV2(POa4)2F15015, a gradual

decrease in the bond length values was also observed upon charge.
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Figure 2.28 : (a) Operando Vanadium K edge XANES spectra recorded on a Na//NazV2(POa).F20 half-
cell from 2.5 — 4.5V vs. Na+/Na. The inset focuses on the pre-edge region; (b) Concentration profile of
the three principal components required to describe the operando XAS spectra recorded on a
Na//NazV2(POa),F-0 half-cell upon charging from 2.5 - 4.5 V vs. Na*/Na. The corresponding
electrochemical profile is shown as black solid curve.

Table 2.6 : V—=O/F bond lengths in Vanadium’s first coordination sphere obtained from the EXAFS
analysis performed on the reconstructed XAS spectra of the four principal components required to
describe the operando data set recorded on a Na//NasV2(POa4)2F-O half-cell upon charging up to 4.5V vs.

Na*/Na.
Symmetric site Distorted site
dv—ro (A) dv—r (A) dv—o (A) dv=o (A) o (A?)
Component 1 2.03x6 1.85x1 2.00 x 4 1.63x1 3.6-10°
Component 2 197 %6 172x1 197 x4 1.60x1 8.0-10°
Component 3 1.90 x 6 1.73x1 1.99 x4 1.56 x 1 3.6:10°%

In NasV2(PO4)F20, all the bioctahedral units can be written as FO4V3*—F—V**Os,
and during the removal of the first Na* ion, several scenarios can occur: (i) exclusive
oxidation of V**—F to form FO4V*—F—V*'0,=0, (ii) exclusive oxidation of V4*=0 to
form FOsV¥—F—V°*0,4=0 and (iii) simultaneous oxidation of V¥—-F and V*'=0. The
EXAFS analysis results shows an important change in the bond length values for both

symmetric and distorted sites (Table 2.6). Furthermore, the reconstructed XANES
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spectrum of the second component shows the presence of both V** and V°* ions in the
pre-edge signals (Figure 2.29). These observations reveal that both V**—F and V#*=0 can
be activated in the low-voltage region in Naz3V2(PO4)F20. The “reverse inductive effect”
also occurs in this compositions, but it is not strong enough to completely lower the
voltage value of the {V=0}**/{V=0}?** redox couple below the V*-F/V**-F redox

couple.
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Figure 2.29 : Reconstructed XANES spectra at Vanadium K-edge of the three independent components
of the NazV2(PO4)2F20 — NaV2(PO4)2F20 system.

11.3.6.3. A comparison between NasV2(POs)2F3, NasV2(PO4)FO and
NazV2(PO4)2F15015

The three investigated compositions possess the same structural framework but
different V3*/V#* ratios. In NagV2(POa)2Fs, there is no V4 while in NasV2(POa)2F20 and
NasV2(PO4)2F15015, 50% and 75% of the vanadium ions are V**, respectively. The
presence of V#* increases the average oxidation state of the vanadium ions and hence the
absorption energy of the edge shifts to a higher value when moving from NaszV2(PO4)2F3
to NaszV2(PO4)2F15015 through NasVa(POa).F20 (Figure 2.30a). Furthermore, V4
resides in a distorted octahedral site while the local environment of V3 is completely
symmetric. Hence, the presence of V** induces a significant signal in the pre-edge. The
higher the V** content, the more intense is the pre-edge region (Figure 2.30a). The same
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phenomenon was also observed for the spectra recorded after the extraction of the first
Na* ion (Figure 2.30b). Surprisingly, after the extraction of two Na* ions, the edge energy
of the three desodiated phases are similar despite a difference in their average oxidation
state (Figure 2.30c). Nevertheless, the difference in the intensity of their pre-edge signals
is quite obvious. It could be possible that the absorption energy of V** in F-V**Os—F and
that of V°* in F-\/°*04=0 are so close that they do not show any difference on the XANES
spectra. In these cases, a comparison between the pre-edge signals would be more
appropriate and more precise than comparing the absorption energy of the edge.
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Figure 2.30 : A comparison between the Vanadium K-edge XANES spectra of NasV2(PO4)2Fs3,
NasV2(PO.)2F20 and NasV2(PO4)2F1501 5 at (@) Initial state, (b) After extracting one Na*, (c) After
extracting two Na*, and (d) Evolution in the edge energy of NazV2(PQOa4)2F3, NasV2(PO4)2F.0 and

NasV2(PO.)2F1501 5 in the first charge from 2.5 to 4.5 V vs. Na*/Na. The edge energy value was taken at
the position where the normalized abs. equaled to 1.0.
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11.4. Conclusions

A series of compounds NazV3*2-y"V**y(PO4)2F3.,Oy (0 < 3’ < 2) was obtained
through solid-state reaction and the complexity of the reaction in the solid phase was
examined through the use of thermogravimetric analysis coupled with mass spectroscopy.
These vanadium fluorinated oxyphosphates were proven to be completely stable in water.
Indeed, a wash in water can be used to remove soluble and undesirable impurities formed
during the synthesis, without any detrimental impact on their electrochemical
performance in batteries. It is thus possible to develop aqueous electrode formulations or
even to use these vanadium fluorinated oxyphosphates at the positive electrode in aqueous
batteries [148,149]. The orthorhombic structural model appears as the most appropriate
one to describe the overall solid solution NaszV2(POs)2Fs — Naz(VO)2(PO4)2F. In the
vanadyl-rich composition, Naz(VO)2(POa4)2F, the long-range Na*-vacancy ordering was
detected and a modulated structure is required to describe the distribution of the Na* ions.
The minimization of the electrostatic repulsions within the diffusion channels throughout
the framework appears as the main driving force for the formation of the long-range Na*
ordering. The two characteristic stretching modes of vanadyl bond in this structural
framework were detected at ~920 cm™ with their corresponding overtones at
~1840 cm™. These vibrations can be used as fingerprint in order to distinguish different
members in the NasV2(POa)2F3 - Nas(VO)2(PO4)2F series.

Extra capacity can be obtained for NazV2(POs)2Fz and oxygen substituted
NazV2(POa)2F34 Oy compositions by increasing the upper cutoff voltage to 5.0 V vs.
Na*/Na; however, this capacity is irreversible. Whatever the compositions, the vanadium
redox center appears not to be involved beyond the deintercalation of 2 Na* ions per
formula unit. Nevertheless, for the fluorine-rich compositions, the overcharge leads to a
drastic modification of the structure with the formation of a highly disordered structure:
the local environment of the vanadium ions is modified, despite their oxidation state is
not. On the contrary, the oxygen-rich compositions are stable during the overcharge as
the local environment of vanadium nor its oxidation state are modified. The presence of
the oxygen substitution for fluorine and the formation of vanadyl-type bonds seems to

have a stabilizing effect on the structure at high voltage.
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The EXAFS analysis of the XAS spectra recorded on a Na//Na3zV2(POa).F3 half-
cell at high voltage (~4.8 V) reveals the formation of a highly distorted vanadium local
environment. Each bioctahedral unit is now composed of one symmetric V3*O4F;
octahedron and one distorted VV°*O4F octahedron, and this structural distortion is retained
even in discharge. This irreversible structural distortion is the origin of the permanent

modification of the electrochemical profile.

By the use of operando XAS at Vanadium K-edge on NazV2(POs)2F.0O and
NasV2(PO4).F15015 upon cycling, we have discovered that the {V=0}3"/{V=0}?* redox
couple was activated simultaneously with the V**—F/V3*—F redox couple, which is due to
the presence of the “reverse inductive effect” caused by the formation of a highly covalent
vanadyl bond on V*. This phenomenon is similar to what has been reported in the
vanadyl-containing “LiVPO4F — LIVOPO4” system in our group [169,183,184]. In the
parental composition, LiVPO4F, V3*O4F, octahedral units exist and these building units
are joined together by sharing the two fluorine atoms, leading to the formation of the
infinite [F-V**O4—F].. chains running along the [101] direction. The two fluorine atoms
can be partially or fully substituted by oxygen, and thus generate the LiVPO4F1,Oy
phases. In the substituted compositions, the “reverse inductive effect” was so strong that
the {V=0}*"/{V=0}?" redox couple was activated at a lower voltage than V**—F/V3'—F.
In LiVPO4F14Oy phases, the V3* and V#* ions are not homogenously distributed in the
structure and there exist the “vanadyl-rich” and “vanadyl-poor” regions. When the
{Vv=0}*/{Vv=0}?* redox couple is activated, the delithiation process occurs through a
solid solution mechanism, however when the V4*—F/V3*—F redox is triggered at the high-
voltage region, the reaction occurs through bi-phasic mechanism with the formation of
Li*—vacancy ordering. In “NasV2(POus)2Fz — Naz(VO)2(PO4)2F”, the V3 and V** are
homogeneously distributed over all the lattice as evidenced by (i) no significant
broadening was observed on the diffraction lines, (ii) the binomial distribution of the 2Na
and *'P NMR signals and (iii) DFT calculations results [185]. Except the two ending
members of the system NasV3,.,V**,-(PO4)2F3-Oy, the desodiation reactions occur

through solid solution mechanism.
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Chapter 11 - Solid-State NMR and DFT Study on NazV2(PO4)2F3 — Nas(VO)(POa4)2F

I11.1. Introduction

In recent years, the use of solid-state nuclear magnetic resonance (NMR),
especially paramagnetic solid-state NMR, has increased significantly in the field of LIBs
and SIBs. For instance, ’Li NMR was used extensively to study the lithium atomic local
environments in LiCoOz-related materials, LiMn,04, and LiFePO4 [186-191]. 'Li solid-
state NMR was especially used as the key tool to detect the presence of local defects in
LiVPO4F [169,184,192,193]. Operando NMR techniques have also been developed to
investigate dynamic processes occurring in batteries upon cycling. Despite of several

challenges, many encouraging results were recently reported [194-199].

For paramagnetic materials, the observed resonances are usually broad and highly
shifted due to the electron-nuclear spin interaction, which is also known as hyperfine shift
[191,200]. The hyperfine shift can occur (i) through space by the electron-nuclear dipolar
coupling, which broadens the line shape of the observed resonances, and (ii) through
chemical bonds (Fermi contact), which results in a highly shifted resonant value
[187,200]. The Fermi contact can be classified into spin delocalization and spin
polarization mechanisms. The former contact leads to a positive Fermi contact shift while
the latter induces a negative value. A schematic description of the spin delocalization and
spin polarization mechanisms in transition metal oxides was reported by Carlier et al.
[187], which could also be used to predict the sign of the observed resonances in similar
structures. In paramagnetic polyanionic materials, the spin transfer can still occur through
the Fermi contact, but the spin interaction pathways are usually not obvious to apprehend
and it is difficult to make a general formalism due to the variety of polyanionic
frameworks. Therefore, the interpretation of paramagnetic NMR signals is usually
complicated and required the help from density functional theory (DFT) calculations.
Nevertheless, an insightful study and a detailed interpretation of the paramagnetic signals
can provide important information on the electronic and atomic local environment of the
nuclei of interest, such as the coordination number, the oxidation state and the number of

unpaired electrons of the transition metal ions which are adjacent to it.
A systematic study on the 2>Na and 3'P solid-state NMR of NasV2(PO4)2F3 and its

corresponding desodiated phases NaxV2(PO4)2F3 (0 < x < 3) was reported by Liu et al.
[201]. For NasV2(POa)2Fs3, the authors observed two different 3'P MAS NMR resonances
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at 6000 ppm and 4500 ppm, and thus assigned them to two different phosphorus
crystallographic sites, P1 and P2, existing in the NasV2(POa)2Fs structure indexed in the
space group P42/mnm. By following the evolution of the Na NMR signals and the Na*
diffusion coefficients observed in desodiated phases, these authors also discovered that
the Na* ions present in the deintercalated phases have higher ionic mobility than in the

initial state.
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Figure 3.1 : Na MAS NMR recorded on the NasV3*,., V4*,(PO4)2Fs., 0, (0 <y’ < 2) compositions
reported by Park et al. (Adapted from [101]).

The 22Na and 3P MAS NMR spectra of NazV3*2y V4, (PO4)2F3y Oy (0 <y’ < 2)
compositions were studied by Park et al. [101]. The authors pointed out that the Na* ions
are influenced by a strong Fermi contact with the two vanadium ions in their closest
bioctahedral unit and the observed 2Na NMR shift depends on whether the Na* is in
contact with two V**, two V3*, or a combination of one V** and one V#* (Figure 3.1). A
series of P MAS NMR spectra was also reported, the authors however only focused on
the 3!P resonances observed at ~ 0 ppm despite of the fact that these compositions
contained paramagnetic ions, i.e. V3* and V**, and the 3P NMR signals are expected to
be highly shifted due to the strong hyperfine contact between these ions and the

phosphorus nuclei.
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Broux et al. have recently revisited the 3P MAS NMR signatures of some
compositions between NazV2(POas)2F3 and NasV2(PO4)2F20, and they reported that each
phosphorus nucleus in these structures is in contact with four neighboring vanadium ions
and thus generates the P(OV™)4 local environments where V™ can be V3* or V**. Five
different 3P MAS NMR resonances were detected at 6000 ppm, 4500 ppm, 3000 ppm,
1500 ppm, and ~ 0 ppm in all the oxygen-substituted phases, and it was speculated that
they are originated from the P(OV3")3(OV*"), P(OV3")2(OV*),, P(OV3")(OV*)s, and
P(OV*")4 local environments, respectively [143]. What was unclear is that the authors
hypothesized that V#* ions in this structure would cause no Fermi contact with its
neighboring phosphorus nuclei despite the fact that V** possessed one unpaired electron.

In this chapter, we will investigate the electronic structure of V3* and V** in
NazV2(POas)2F3s — Nasz(VO)2(PO4)2F and related compositions with the help of DFT
calculations. Furthermore, we aim at confirming the 3P MAS NMR resonance
assignment, which had been proposed earlier by Broux et al., through a careful
consideration of the orbital interaction between V3*/V** ions and the phosphorus nuclei
in the structure. As a local probe, an insightful analysis of the 2Na and 3P MAS NMR
will also allow us to discuss whether the V3*/V** jons are randomly distributed in the
lattice or not. Last but not least, we will compare the Na and 3P MAS NMR spectra of
two series of materials NayV2(POs)2Fs and NaxV2(POas)2F20 (0 < x < 3), whose
electrochemical behaviors are very different: the former one is characterized by the
presence of several Na*-vacancy orderings upon charging while in the latter case there is
no formation of intermediate charge ordering, in order to understand the influence of the
Na*-vacancy ordering on the behavior of the resulted NMR spectra as well as the Na* ion
diffusion properties in the diffusion channels. These experiments also help us to follow
the evolution in the strength of the Fermi contact between V**/V#* and Na/P nuclei upon

cycling.
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I11.2. Principles of NMR measurements and DFT calculations

I11.2.1. Samples preparation

The NasV3*2.,\V*(POu4)2F34Oy (0 <y < 2) compositions were obtained by the
solid-state synthesis route as described in details in the Experimental part in Chapter I1.

Desodiated compositions, NaxV2(POas)2F3 and NaxV2(PO4)2F20 (0 < x < 3), were
obtained by galvanostatic electrochemical Na* extraction from NasV2(POs)2Fs and
NazV2(POa)2F20, respectively. Several Na//NasV2(POas).Fs and Na//NazV2(POs)F20
half-cells were prepared and cycled in an electrolyte containing 1 M NaPFs in EC/DMC
(1/1) with 2% of FEC at the cycling rate of C/10 per Na* ion. A time limitation was
applied in order to control the amount of extracted Na*. The materials after cycling were
recovered, washed with DMC in order to remove the electrolyte traces, and then dried
under vacuum before being subjected to #Na, *'P MAS NMR measurement, and XRD.
In some cases, the amount of powder recovered after washing was so little that it was well

mixed with KBr prior to NMR and XRD measurements.

111.2.2. NMR measurements

31p ss-NMR spectra were acquired on a Bruker Avance Il spectrometer with a
2.35T magnetic field at a resonance frequency of 40.6 MHz by using a standard Bruker
2.5 mm magic-angle spinning (MAS) probe with a 30 kHz spinning frequency. A Hann
echo sequence was applied with a 90° pulse 1.1 s and a recycle delay of 1 s. HsPO4 85%
(Sigma-Aldrich) was used as external reference for 0 ppm chemical shift.

23Na ss-NMR spectra were acquired using a Bruker Avance 500 MHz
spectrometer, equipped with a 11.7 T wide bore magnet (operating at Larmor frequency
of 132.3 MHz for 2®Na). Experiments were performed using conventional 2.5 mm MAS
probe, with 30 kHz MAS rate. Chemical shifts are referenced relative to an aqueous 0.1M
NaCl solution at O ppm. In each case, a short pulse length of 1.1 us corresponding to a
selective m/8 pulse determined by using a 0.1 M NaCl aqueous solution was employed.
The spectral width was set to 1 MHz and the recycle delay of 0.5 s, which was long
enough to avoid T saturation effects. The baseline distortions resulted from the
spectrometer dead time (5 - 10 us) were removed computationally by using a polynomial

baseline correction routine.

94

——
| —



Chapter 11 - Solid-State NMR and DFT Study on NazV2(PO4)2F3 — Nas(VO)(POa4)2F

111.2.3. First-principles DFT calculations

First-principles calculations were performed within the DFT framework, and the
calculations using projector augmented wave (PAW) method were computed with the
Vienna ab initio simulation package (VASP) code [202]. A wave plane cutoff energy of
600 eV and a k-mesh of 2x2x2 were applied. The experimental crystal structure of the
materials was used as input model and the calculations were spin polarized type with
ferromagnetic ordering, which is appropriate to take into account the Fermi contact
interaction as discussed in [187]. The energy minimization and electron density on each
atom were calculated by using the generalized gradient approximation (GGA) and
GGA+U approaches, where the Hubbard type interaction is added to the latter method to

localize d electrons. In this study, the U value of 3.0, 4.0, and 5.0 eV were tested.

In order to quantify the Fermi contact interaction, the VASP code can compute
the hyperfine coupling contact by considering the contribution of valence and core

electrons:

Ao = % %[ 8- (r)ps(r + R)dr (Equation 3.1)
N

where p; is the difference of the population between the spin-up and spin-down
energy levels at a specific nucleus where the hyperfine coupling constant is being
calculated and pg is usually known as “electronic spin density”, u, is the magnetic
susceptibility of free space, y, is the electronic gyromagnetic ratio, y, is the nuclear
gyromagnetic ratio of the nucleus being studied, R, is the nucleus radius, and (Sy) is the
expectation value of the z-component of the total electron spin. §;(r) is a smeared out of

o function, as described in the literature [203].

The spin density surrounding the nucleus of interest (p'(0)) can further be

calculated from the A;,Vvalue by the following equation:

AisoS(Tot)

pt(0) = (Equation 3.2)
YN

where S(Tot) is the total magnetic moment in the cell, yy is the nuclear
gyromagnetic ratio of the nuclear of interest, and A;,, is the hyperfine coupling constant

as described in Equation 3.2.
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The isotropic shift of a specific nucleus due to Fermi contact can then be
quantified from the electron spin density:

8o = =— p'(0)xu(T) (Equation 3.3)

3SNy

where S is the spin quantum number of the paramagnetic ion, p'(0) is the
computed spin density on the i nucleus, and y,,(T) is the molar magnetic susceptibility
at the temperature where the NMR spectrum was recorded. The temperature (T) was
chosen to be 320K, which is the approximate temperature inside the rotor at a spinning
rate of 30 kHz.

The following nuclear gyromagnetic ratio (MHz-T?) were used for the
calculations: 11.215 (*'V), 17.2538 (3'P), 11.271 (*®Na), 40.078 (**F), and 5.775 (}'0).
The Curie temperature was assumed to be OK for all compounds and the theoretical value
of molar magnetic susceptibility calculated by Curie law was used for the Fermi contact

shift calculations.
The partial density of states on vanadium ions were calculated by considering the

ionic radius of V3* equals to 0.55 A [204]. The 3D charge density and electronic spin
density distribution maps were visualized by utilizing VESTA software [160].

111.3. NMR and DFT study on NasV2(PO4)-F3 — Naz(VO)2(PO4)-F

111.3.1. 3P NMR signals assignment in NazV2(PO4):F3 — Naz(VO),(PO4).F

Figure 3.2 shows the 'P ss-NMR spectra already reported by Broux et al. in [143]
for the samples NazV3*2., V4, (PO4)2F3., O, belonging to a limited range of compositions
of 0 <y’ <1, and a comparison with those recorded recently for the more oxidized
compositions NazV2(PO4)2F15015 (y° = 1.5) and Naz(VO)2(PO:)2F (v’ = 2). This set of
spectra allows to get an insight into the origin of the 3P ss-NMR spectra of the whole
composition range. For NazV2(POs)2F3 (v’ = 0) the main 3P resonance was observed at
~ 6000 ppm and was assigned to the P(OV3*)4 unit, which was the dominant phosphorus

local environment. In addition to the main signal, a second resonance at around 4500 ppm
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was also detected due to the presence of oxygen defects in the structure leading to the
formation of the P(OV3")3(OV*) local environment [143]. In the
NazV3* 2., V4, (PO4)2Fs3-, 0, (0 <y’ < 2) series, in addition to the 6000 ppm signal, four
new resonances were observed at 4500 ppm, 3000 ppm, 1500 ppm and ~ 0 ppm, whose
intensity varies as a function of the oxygen content. It has been speculated that these
signals could be originated from different phosphorus local environments in the structure
by considering the first vanadium coordination sphere: P(OV?3*)3;(OV*),
P(OV3)2(0V*),, P(OV3)(OV*)3, and P(OV*)s. [143]. The broadening and the
asymmetry of some signals can be resulted from various 3P environments if one
considers also the second vanadium coordination sphere, i.e. the second vanadium site of
the bioctahedron. Among those signals, it was really surprising to observe a very narrow

signal at ~ 0 ppm corresponding to the P(OV*)s local environment, as V** are

a%%u%

P(OV3*),(OV4+ s
P(OV3), P(OV3*),(0V+) ( H k| pgus)(ov )s

paramagnetic ions.

P(OV*),

P __,_AA

6000 4000 2000 0
8 (ppm)

* Spinning sidebands & V3+0,F, $ V4+OgF

Figure 3.2 : Hahn echo 3'P MAS NMR spectra of the NagV3*2.,-V4*y:(POs)2F3.,Oy: (0 <y’ < 2) samples
(Bo= 2.35T; vr= 30 kHz). The spinning sidebands are marked with asterisks. The PO, tetrahedral units
are in green while V3*O4F, and V#*OsF; octahedral units are in red and blue, respectively.
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In fact, for the Nas(VO)2(PO4)2F (v’ = 2) composition, where P(OV**)4 is the only
permitted phosphorus environment, the main and highly intense resonance is recorded
nearby 0 ppm (Figure 3.2). This latest finding confirms thus the hypothesis proposed
earlier in [143], and proves that there is no electron-nuclear spin interaction between the
unpaired electron of V#* and phosphorus nuclei in P(OV**)4 local environment, which
gives rise to a 3P NMR shift value in the diamagnetic regime. First-principles
calculations were performed on NasV3*2(POs)oFs, Nag(V*0)2(POs)oF, and
NasV3"V#(PO4)2F.0 in order to understand the electronic structure of the existing
vanadium ions as well as the mechanism of the electron-nuclear spin interaction between

the unpaired electron(s) of V3*/V** and the phosphorus nuclei in these structures.

111.3.2. Vanadium electronic structure in NazV,(PO,),F3— Nas(VO).(PO4).F

In order to perform DFT calculations, we aimed at using the experimental
structure of NasV2(POs)2F3 as input model. However, it contains three different Na
crystallographic sites, Nal, Na2, and Na3, in which Nal is fully occupied whereas the
other two have a partial occupancy (Figure 3.3) [83]. An approximate model structure
has thus to be considered in our DFT calculations. Considering the close proximity (0.90
A) between the two partially occupied Na sites, i.e. Na2 and Na3, an approximate input
model was created by placing a fully occupied Na2’ site on the barycenter between Na2
and Na3. This input model was then used in the structural relaxation step. The DFT

optimized structure is compared to the experimental one in Figure 3.3.

Figure 3.3 : (Left) Experimental structure of NaszV2(PQOa4)2Fs determined by synchrotron X-ray powder
diffraction [83], and (Right) Input model used for DFT calculations where a fully occupied Na site
represents the partial occupied Na2 and Na3 sites in the actual structure.
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Since here we focus on the Fermi contact shift calculation between vanadium ions
and 3P nuclei, we do not expect a strong influence of Na positions on the strength of the
Fermi contact. The structure was first relaxed using GGA or GGA+U methods. The
optimized structures of NazV2(PO4)2F3 crystallizes in an orthorhombic system, which is
in good agreement with the experimental space group, Amam (Table 3.1). The optimized
cell parameters (a, b, and c) calculated by GGA method are in the error range of 1% in
comparison to those obtained by SXRD. Using GGA+U (here U =3 eV, 4 eV, and 5 eV),
a greater deviation from the experimental data is observed (Table 3.1) suggesting that

GGA method is a better choice to study this material.

Table 3.1 : Calculated unit cell parameters of NazV2(POa).F3 after geometry optimization using GGA and
GGA+U methods compared to the experimental ones.

SXRD GGA GGA + 3eV GGA + 4eV GGA + 5eV
a(A) 9.02847(3) 9.096 9.126 9.150 9.178
b (A) 9.04444(3) 9.156 9.193 9.215 9.235
c (A) 10.74666(6) 10.758 10.890 10.895 10.902
a 90° 90° 90° 90° 90°
B 90° 90° 90° 90° 90°
Y 90° 90° 90° 90° 90°

For Naz(VO)2(POs4)2F, the situation is more complex. The crystal structure of
Nasz(VO)2(POs)2F had been studied in details by Tsirlin et al. and had been reported to
crystallize in the P42/mnm space group, which contained a fully occupied Nal site and a
half occupied Na2 site with a distance of 2.374 A between the two closest Na2 sites
(Figure 3.4) [135].

Figure 3.4 : (Left) Experimental structure of Nas(VO).(POa4).F determined by single crystal diffraction
reported by Tsirlin et al. [135], and (Right) Input model used for DFT calculations where a fully occupied
Na3’ site represents the half occupied Na2 sites in the actual structure.
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We have recently revisited the crystal structure of this material by high resolution
SXRD and we have in fact shown that the structure is even more complex: it should be
described in a monoclinic cell with a modulation vector of q =% b* + % ¢* in the P21/m
space group that takes into account a long range ordering of Na* ions on three different
sites Nal, Na2 and Na3, where all these Na sites are partially occupied. As in the case of
NazV2(POa)2F3, partially occupied sites cannot be taken into account in DFT calculations,
we therefore retained the structural description reported by Tsirlin et al. where a fully
occupied Na3’ site was placed at the barycenter between two Na2 sites in the structure
despite of the great distance between the two actual sites (Figure 3.4). The input model
relaxes into a tetragonal cell whose unit cell parameters are in agreement with those
reported by Tsirlin et al. As for NazV2(PO4)2Fs, upon increasing the U values, the cell

parameters deviate from the experimental ones (Table 3.2).

Table 3.2 : Calculated unit cell parameters of Nas(VO)2(POa.).F after geometry optimization using GGA
and GGA+U methods compared to the experimental ones.

SXRD GGA GGA + 3eV GGA + 4eV GGA + 5eV
a(A) 9.0285(1) 9.092 9.138 9.152 9.167
b (A) 9.0285(1) 9.092 9.138 9.152 9.167
c(A) 10.6149(2) 10.624 10.591 10.587 10.569
o 90° 90° 90° 90° 90°
B 90° 90° 90° 90° 90°
Y 90° 90° 90° 90° 90°

The optimized V-0 and V-F distances and the density of states (DOS) calculation
of vanadium ions in NasV2(POs)2F3 both agree with the presence of V3 ion a symmetric
octahedral site formed by four oxygen atoms in the basal plane of the octahedron and two
fluorine atoms on the axial positions, one of which being shared with the neighboring V3*
site (Figure 3.5a), which has been reported experimentally [82,83]. The difference
between the experimental and the calculated V-O, V-F, and PO distances is less than
1% with GGA (Figure 3.5a). Despite the difference in the nature of fluorine and oxygen,
the V3* site is ‘quasi’-symmetric as the six surrounding bond lengths are nearly similar
(~ 2.0 A) (Figure 3.5a).
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Figure 3.5 : (a) The local environment of V2* in NasV2(POs)2F3 with the optimized distances comparing
to the experimental ones given in parentheses, (b) Calculated partial DOS around the vanadium ions in
NasV2(PO4)2F3 using the GGA method, (c) Calculated spin distribution map surrounding a V2OgF
bioctahedral unit. A 8-10 electron-A2 iso-surface value was used for this plot. The positive and negative
electron spin are represented in yellow and blue, respectively.

The partial DOS around V ions in NasV2(POa)2Fs indicates that the two unpaired
electrons of V3" ions are partially located in the three dyy, dx., and dy; (t2g) orbitals (Figure
3.5b). The x, y, and z directions used to define the orientation of the orbitals are chosen
to run along the ‘ligand — V™ interatomic axes: x and y axes running along the V-0
bonds in the basal plane while the z axis orienting along the bioctahedron axis, all of them
are independent of the a, b, and c crystallographic directions of the unit cell. Figure 3.5¢
shows the 3D electronic spin distribution map calculated for NasV2(POs)2Fs, which
allows to visualize the local spin distribution in the toq orbitals. The two V3" ions in the
bioctahedral units of NasV2(POa)2F3 exhibit a similar spin distribution, with maximum
spin concentration in lobes pointing in-between the two V-0 bonds in the basal plane or
in-between the V-0 and VV—F bonds in the (xz) and (yz) planes, thus confirming the partial
occupancy of the three tq orbitals.
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Figure 3.6 : (a) The local environment of V** in Nas(VO)2(POs)2F with the optimized distances as
compared to the experimental ones given in parentheses, (b) The DOS diagram of V#* in
Nas(V0)2(PO4)2F calculated by GGA method. Only the ‘spin-up’ state of dyy orbital is occupied, (c)
Calculated spin distribution map surrounding a V2010F bioctahedral unit. A 2-102 electron-A2 iso-surface
value was used for this plot. The single electron of V4* occupies the dx, orbital uniquely.

For Nas(VO)2(POa)2F, the vanadium ions reside in octahedral sites formed by four
equal V—O bonds (1.97 A) in the basal plane, a very short V=0 bond (1.62 A), and a long
V-F bond (2.1 A), where the fluorine is shared with another vanadium ion in the axial
position (Figure 3.6a). The calculated partial DOS on V shows that vanadium ions are in
the +4 oxidation states as expected, and that the single unpaired electron is located only
in the dyy orbital which is perpendicular to the bioctahedron axis (Figure 3.6b). Due to
the presence of a short vanadyl bond, a distortion occurs on all VOsF sites, lowering the
On symmetry to Cay locally. As a consequence, the tzg orbitals of V** are split into bz (dxy)

and e (dxz, dyz) sub-groups while the eg orbitals will be split further into bz (d,2_,2) and

a1 (d,2). The splitting scheme and the relative energy of the orbitals in this case are shown

in Figure 3.7. The orbital d,,, has therefore the lowest energy value and is occupied by

the single electron of V**, the & splitting energy of 0.426 eV, which is higher than the kT
energy at ambient temperature (25 meV) (Figure 3.6b). The 3D spin density map plotted
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for a bioctahedron in Na3(VO)2(POa4)2F confirms the localization of the spin density only
in lobes pointing in-between two V—O bonds in the basal plane, which is perpendicular

to the bioctahedron axis (Figure 3.6¢).
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Figure 3.7 : The degeneracy of five 3d orbitals under vacuum and the splitting scheme of these orbitals in
Na3V2(PO4)2F3 and in Naa(VO)z(PO4)2F.

Our DFT calculations also provide an approximate value of the electron spin
density on the nuclei in the structures, thus allowing to compute the expected Fermi
contact shifts for 3P and 2*Na nuclei by using equations (1), (2) and (3) given in the

experimental part.

Table 3.3 : Calculated 3P Fermi contact NMR shifts (in ppm) in NasV2(POas)2F3 and Nag(VO)2(POa).F
using GGA and GGA+U methods, compared to the experimental ones.

Na3V2(PO4)2F3
Experimental data GGA GGA+3eV GGA+4eV GGA+5eV
P1 6562 ppm 4580 ppm 3943 ppm 3334 ppm
~ 6000 ppm
P2 6534 ppm 4598 ppm 3942 ppm 3336 ppm
Na3(VO)2(PO4)2F
P1 96 ppm 163 ppm 117 ppm 66 ppm
P2 ~ Oppm 79 ppm 124 ppm 77 ppm 22 ppm
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Each unit cell of NasV2(POa)2Fs or Naz(VO)2(PO4)2F contains two groups of 3P
nuclei with different Fermi contact shifts. As seen in Table 3.3, the difference in the
calculated shifts for these two groups is however negligible. For NazV2(POas)2Fs, the 3P
ss-NMR Fermi contact shifts computed either by GGA or GGA+U are positive and large,
which is in agreement with the strong interaction expected between V3" ions and P nuclei.
As also expected, as the U value increases, the unpaired electrons are more localized on
the tog Orbitals of V* and therefore less delocalized to the neighboring phosphorus nuclei,
leading to lower computed shifts [205]. Fermi contact shifts computed within the GGA
method are in better agreement with the experimental one. For Nasz(VO)2(POa)2F,
whatever the method (GGA or GGA+U), all the calculated 3!P ss-NMR Fermi contact
shifts are very weak and fall in the typical range of shifts for 3P in diamagnetic
compounds, which is also in agreement with the experimental observation (Table 3.3).
This implies that there should be almost no electron spin transfer from the paramagnetic
V4" jons to phosphorus nuclei. As both the optimized structures and the computed Fermi
contact shifts obtained using the GGA method are in good agreement with the
experimental data, and in much better agreement than the GGA+U methods, hence only

the GGA results will further be discussed in the following parts.

111.3.3. Spin Transfer Mechanisms between VV"* ions and Phosphorus nuclei

In order to investigate the spin transfer mechanism in NazV2(POa)2Fs, 3D
electronic spin distribution maps are plotted using different iso-surface values and
different local orientation. The electron spin transfer occurs through the so-called spin
delocalization mechanism, which results from the overlap between tq orbitals of the V3*
ions (Figure 3.5c and Figure 3.8a), with the p. orbitals of its neighboring O also
hybridized with the sp® orbitals of P (Figure 3.8a). Among the three partially filled tg
orbitals of V3" ions, it appears that dx. and dy; are the two orbitals mostly involved in the
spin transfer, as properly oriented to the m-overlap with O p. orbital that is also
overlapping with the sp® orbital of P, resulting in a dwx(V3*) — p2(O) — sp*(P) hybridization
with a 135.8° V-O-P angle as schematized in Figure 3.8b. In NasV2(POa)2F3, each
phosphorus is surrounded by four V3* ions and each of them contributes to a Fermi contact
shift of around 1500 ppm through the dx./dy; (V3*) — p» (O) —sp® (P) interaction. In Figure
3.8c, the overall electron spin density map viewed along the ¢ direction shows a strong
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and positive spin density present on the P site, which is the origin of the highly shifted
resonance (6000 ppm) observed on 3P ss-NMR.

Orbital hybridization between
d,, and sp®

P with spin transfer
from four V3*

Figure 3.8 : (a) 3D calculated spin density map showing the electron spin transfer mechanism from a V3*
ion to a neighboring Phosphorus (8-10* electron-A iso-surface value), (b) Schematic representation of
the spin transfer mechanism from V3* to P by orbital hybridization model, (c) 3D calculated spin density
map (8-10* electron-A2 iso-surface value) showing that each phosphorus nucleus in NasV2(PO4)2F3
receives the electron spin from four neighboring V** ions.

The spin transfer mechanism was also analyzed for Naz(VO)2(POs)2F. As
previously discussed, the two V** ions of the bioctahedral units are similar and exhibit
one unpaired electron localized only in the dxy orbital perpendicular to the bioctahedron
axis (Figure 3.6c and Figure 3.9a). As seen in Figure 3.9b, no orbital overlap is
involving this V dx, orbital and the P sp® one. The V dx, orbital is only n-hybridized with
one O 2p orbital that does not overlap with the P orbitals and the V-O-P angle is equal
to 131.9°. However, as can be seen also in Figure 3.9b, another O 2p orbital,
perpendicular to this w-bond, is negatively polarized as no overlapping occurs with
Vanadium dy,. One could have actually expected a negative Fermi contact shift for 3P in
Nas(VO)2(POa4)2F, but the participation of the P sp® orbitals in the negatively deep
polarized level should be very weak. This explains why we recorded a !P signal nearby
0 ppm for Nas(VO)2(POa)2F despite the presence of paramagnetic V** ions around P
(Figure 3.9¢).
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Figure 3.9 : (a) 3D calculated spin density map showing the electron spin density surrounding a VV** ion
in Nag(VO)2(PO4)2F (2-10° electron-A2 iso-surface value), (b) A 2D projection of the V—O—P chemical
bond on the (xy) plane of the octahedral unit. The single electron of V#* occupies the dy, orbital, which
orients along the diagonal lines of the (xy) plane while the V—O-P bond is formed along the x/y direction,
(c) The spin distribution map calculated at 8-10 electron-A2 revealing that there is no spin transfer
between V** ions and phosphorus nuclei in Naz(VO)2(PO4)F due to the lack of orbital overlap.

We further calculated the spin distribution map for some intermediate
compositions in the NasV2(PO4)2F3 — Naz(VO)2(PO4)2F system. In NazV3* V4 (POs4)2F20
(v’ = 1.0), for example, half of the vanadium ions are expected to be +3 and half +4. The
terminal oxygen ions could be distributed differently in the crystal structure leading to a
different distribution of V3*/V** ions over the vanadium sites. In order to study the
relationship between the V3*/V** distribution in the structure and the observed 3!P ss-
NMR shifts, we generated four different input models for NasV2(POa4).F20 with four
different terminal O-distribution. We assumed that the Na* ordering in this case was
similar to the one used for NasV2(POa)2Fs. The structures of the input models are given
in Figure 3.10.

The as-mentioned models were relaxed until the structure reached its minimum
energy. As no significant differences in the total energies (E) of all the calculated
structural models were detected, we concluded that they exhibit similar stability; hence,
from DFT calculations, we predict that V3* or VV** ions are randomly distributed over all

the vanadium sites. The oxygen distribution on the terminal positions and hence the
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V3 v4 distribution may be controlled solely by statistics leading to a random formation
of V3*-F-V3¥, V¥*_F-Vv* and V**-F-V*" bioctahedra. This aspect will be further
discussed in the following part. Nevertheless, our different models allow to compute the
expected Fermi contact shifts for different VV**/V*#* phosphorus local environments. In all
models, the vanadium ions are found in the +3 state with the same local electronic
structure as in NasV>*2(POa).Fs when they are localized in VO4F octahedral sites. On the
contrary, they are found in the +4 oxidation state with the same local electronic structure
as in Naz(V**0)2(POa)2F when localized in VOsF octahedral sites. Therefore, one expects

the same spin transfer mechanisms as described above for each ion.

Model 1 Model 2

E =-495.794 eV =-495.715 eV

Figure 3.10 : Different ways to distribute V3* and V** in NazV2(PO,)2F20 (3’ = 1.0) structure. V¥*O4F;
and V#OsF, units are depicted as red and blue octahedra, respectively. The corresponding total energies
of each configuration are given below the models.
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Spin transfer comes from two V3* sites

Figure 3.11 : The spin distribution map showing P(OV?*),(OV**), local environment in Model 1 of
Na3V2(PO4)2F20.

As shown in Figure 3.11 for model 1 (P(OV3")2(OV*"), environment), a spin
transfer mechanism does occur only from the two V®* ions leading to computed 3'P Fermi
contact shifts in the 3282 - 3285 ppm range (Table 3.4). 3D spin density maps of the
other considered models can be found in Figure 3.12. In Table 3.4, we summarize the
computed Fermi contact shifts depending on the P environments. DFT calculations allow
to rationalize that in the NasV2(POa)2F3 - Nas(VO)2(POa)2F solid solution, each V3* ions
located in the proximity of the P contributes for about ~1500 ppm to the Fermi contact
shift whereas a V** ion does not lead to a significant shift. This confirms the signal
assignments proposed earlier [143].

Table 3.4 : Phosphorus local environments generated from DFT calculations and their respective Fermi
contact shifts in comparison to those observed experimentally.

DFT calculations Experimental shift (ppm)
Local environment Calculated shift (ppm)
Model 3 P(OV?), 5800 — 5900 6000
Model 2 P(OV3)3(0OV*) 4200 — 4600 4500
Model 1/ Model 4 P(OV3),(OV*), 3282 — 3285 3000
Model 2 P(OV3*)(OV*)s 1700 — 2100 1500
Model 3 P(OV*),4 665 ~0
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Figure 3.12 : (a and b) The spin distribution map showing P(OV?*)3(OV#*) and P(OV?3*)(OV**); local
environments in Model 2 of Na3V2(PO4)2F-0; (c and d) The spin distribution map showing P(OV?*), and
P(OV*")4 local environments in Model 3 of NasV2(PO4)2F-0.

111.3.4. 2Na ss-NMR in Na§VZ(P04)gE§ — Nag(VO)Z(POQZE

The 2Na ss-NMR properties of NazV3*2., V4*, (PO4)2F3.,-0, (0 <y’ < 2) phases
have been studied in details by Park et al. [101]. The authors proposed that there were
eight different paths to transfer the electron spin from the neighboring vanadium sites to
Na*, but only two of them are the strong 90° interactions which can really give rise to a
significant Fermi contact shift [101]. There are three different Na sites in the crystal
structure of NazV3*,., V**,(PO4)2F3.,-O, phases [83,143], and the local environments of
these Na sites are given in Figure 3.13. Depending on the positions of the Na* ions in the
channel, the spin diffusion paths can slightly vary; nevertheless, the two most dominant
spin transfer mechanism always comes from the tog (V) — p= (F1) —s (Na) orbital overlaps,
and the *Na ss-NMR Fermi contact shift depends on the number of V3*/V** in its closest
bioctahedral unit [101].
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Figure 3.13 : Local environments of different Na sites in NazV2(PQO4)2F3 material. Oxygen atoms are
depicted in red and fluorine atoms are depicted in light grey.

In this previous study, the authors ignored the local distortion and peculiar local
electronic structure of the V** ions involved in a vanadyl bond [101]. Actually by
considering the partial toq orbital occupation for V3* ions (Figure 3.5b and c) and the dx.
occupation for V** ions (Figure 3.6b and c), the electronic spin transfer mechanism
between V**/V#* and the Na nuclei can be described differently. In NasV3*2(POu)2Fs,
among all the partially occupied toq orbitals, the dx, one is properly oriented to form a z
bond with F 2py that is pointing towards orbital 3s of a nearby Na* in the channel, leading
to a 3dx. (V3" — 2px (F) — 3s (Na) hybridized orbital suitable for the spin transfer through
a delocalization mechanism (Figure 3.14a). As a result, a positive Fermi contact shift is
observed for 22Na. In Nas(\V**0)2(PO4)2F, the single 3d, occupied orbital of the V** ions
(Figure 3.6b and c) cannot strongly overlap with the 2py orbital of F1 and the 3s orbital
of Na (Figure 3.14b) resulting in weaker Fermi contact shifts. In the oxygen-substituted
phases, NazV2.,(POs)2Fs., O,, V3 and V** co-exist and they are distributed randomly
over all vanadium sites in the structure. This random distribution will create a third Na
local environment, in which the Na nucleus resides next to a bioctahedron containing one
V3* and one V#*. The value of the 2>Na NMR shift in this case is expected to be between
the shift values observed in NazV2(POa)2F3 and in Naz(VO)2(PO4)2F.
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Delocalization Delocalization
— Strong positive shift — Weak positive shift

Figure 3.14: (a) The strong delocalization interaction between the spin electron on orbital 3dy, (V**) and
Na nuclei in NasV2(POa)2F3, (b) The weak delocalization interaction between the spin electron on orbital
3dxy (V#) and Na nuclei in Nag(VO)2(PO4)2F.

Table 3.5 : The Na ss-NMR chemical shifts (in ppm) calculated by GGA and GGA+U methods for
sodium nuclei in NasV2(PO4)2F3 and Nas(VO)2(POa)2F structures.

NasV2(POs)2F3

Experimental data GGA GGA+3eV GGA+4eV GGA+5eV

Nal (x4) 270 - 273 ppm 166 ppm 152 ppm 131 ppm
~139.6 ppm
Naz2 (x8) 205 - 258 ppm 133 ppm 118 ppm 102 ppm
Naz(VO)2(POa)2F

Nal (x4) 77 ppm 6 ppm -31 ppm -65 ppm
Na2 (x8) ~ 80 ppm 94 ppm 59 ppm 32 ppm 2 ppm

Note that in our study, we had to consider different Na-vacancy orderings or
intermediate positions in order to model compounds with partial site occupancy.
Therefore, the calculated Fermi contact shifts summarized in Table 3.5 do not reflect the
exact positions of the sodium ions and will not be further discussed here. Nevertheless,

our approach allow to confirm the signal assignment presented in Figure 3.14.
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Figure 3.15 : Selective single pulse 2Na MAS NMR spectra of NazV3*5.,-V4*,:(PO4)2F3.,0y (0 <y’ < 2)
samples (Bo = 11.7T; vg= 30 kHz). The Na sites are in yellow and V3*O4F, and VV**OsF; octahedral units
in red and blue, respectively.

111.3.5. V3*/V** distribution and the relative intensity of 2Na and 3P NMR

As the Na and 3P NMR signals assignments were confirmed by our DFT
calculations, one can analyze the relative intensities of the 3P and 2*Na signals in order
to discuss the local electronic structures of the series. If V3" and V** ions are distributed
randomly over the whole structure, the probability of occurrence of each phosphorus or
sodium local environment can be estimated using a binomial distribution:

|

TG o) PP

Cn P+ (1L =)W = (

In the case of phosphorus, n = 4, i.e. the number of surrounding vanadium sites, k
=0, 1,2, 3, or4, i.e, the number of V4" among the vanadium sites, and p = the percentage

of V** for a given composition. In NazV2-,(POa)2Fs-, O, compositions, p = y /2.

In the case of sodium, n = 2 as the shift of each sodium is influenced by two

neighboring vanadium sites, and k =0, 1, or 2.
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Figure 3.16 : Comparison betweeen theoretical and experimental relative intensity of (a) 3!P ss-NMR and
(b) #Na ss-NMR resonances recorded on NazV2(PO,)2F20.

Figure 3.16a compares the experimental and theoretical relative intensities
between the five 3P ss-NMR resonances observed for NasV2(PO4)2F20, characterized by
half vanadium ions in the +4 state and half in the +3 state. The experimental values are in
good agreement with those expected from the binomial distribution supporting the
assumption that F and O are distributed randomly in the whole structure. In a previous
publication, Broux et al. stated that ‘the experimental intensities distribution does not
follow the theoretical one if the repartition of V3* and V** ions would have been statistical
around each phosphorus: phosphorus nuclei appear to be experimentally surrounded by
more V*' than expected’ [143]; in fact, the chemical formulas announced in [143] were
not correct and there were indeed more V** than the expected values. With a correction
of the chemical formula of these compounds in Chapter Il, the theoretical and
experimental relative intensities of >P NMR resonances recorded on NazV2(POs)2F20
are in good agreement with each other. Note that the 3!P ss-NMR spectrum of
NazV2(POa)2F20 is quite broad with resonances ranging from 0 ppm to 6000 ppm (Figure
3.16a), and depending on the position of the off-set of the excitation pulse, their relative
intensity can vary significantly. This observation is demonstrated in Figure 3.17, where
the off-set of the excitation was placed at 800 ppm, 2978 ppm, and 5000 ppm, the
intensities of resonances close to the off-set are enhanced while those far away are

underestimated.
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Offset 2978 ppm

Offset 5000 ppm
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Figure 3.17 : The evolution of the relative intensity between different 3P ss-NMR resonances in
NasV2(PO.)2F20 as the function of the off-set positions (800 ppm, 2978 ppm, and 5000 ppm).

Furthermore, the resonances observed in NasV2(POs)F20 have different
relaxation times. When the refocalization delay of the echo acquisition is varied, the
intensities of some peaks can be underestimated or overestimated (Figure 3.18).
Therefore, the 3P ss-NMR experimental measurements on NasV2(POa4)2F20 are just

semi-quantitative.

31P MAS NMR

T

T T T T T T T
7000 6000 5000 4000 3000 2000 1000 0
S (ppm)

Figure 3.18 : The change in the relative intensity between different 3P ss-NMR resonances in
NasV2(P0.).F,0 at different refocalization delays ranging from 1s (black spectrum) to 7s (pink
spectrum).
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The theoretical relative intensities between Na NMR resonances can also be
calculated by the binomial equation by considering the V**/V#* distribution on two closest
vanadium sites. The relative intensity of Na NMR signals can be extracted from the
calculated area of peaks by using DM-fit software with the pseudo-Voigt peak shape
function. All the observed ®Na NMR resonances in the NaszV2.,(PO4)2Fs., O,
compositions can be fit with a pseudo-Voight peak shape function, except the resonance
at 80 ppm in Nas(VO)2(POa4)2F composition, which requires two peak functions to
describe it. This could imply a Na ordering in the structure leading to two Na local
environments which are slightly different from each other [101]. Nevertheless, the
intensity of this resonance is considered to be equal to the sum of the area of these two
signals. The theoretical and observed relative intensities between 2Na NMR resonant
lines for NazV2(PO4)2F20 composition are given in Figure 3.16b as an example. The

results for other compositions can be found in Table 3.6.

The resonant region of 2>Na ss-NMR signals is quite narrow; therefore, there is no
influence of the off-set position on the relative intensity of the signal and 2°Na ss-NMR
measurement is quantitative. In this case, the binomial equation gives results which are
in good agreement with the experimental ones proving that V3*/V** are randomly
distributed in these structures. The relative intensity between 2*Na resonances can be used

to estimate the y’ value in a NazV>.,(PO4)2F3.,O,' composition.

Table 3.6 : A comparison of the experimental and theoretical relative intensities between the three main
23Na ss-NMR resonances observed for the NasV2(PO4).F3 — Nag(VO)2(PO4).F solid-solution.

Calculated Observed
Na(OV*), | Na(OV*)(OV*) | Na(OV*), | Na(OV*), | Na(OV*)(OV*) | Na(OV*),

NasV2(POus)2Fs 100% 95% 5%

NasV2(PO4)2F2600.2 81% 18% 1% 81% 19%

NasV2(PO4)2F26004 64% 32% 4% 53% 40% 7%
NasV2(PO4)2F2.4006 49% 42% 9% 47% 45% 8%
NasV2(PO4)2F2.200s 36% 48% 16% 39% 49% 11%
NasV2(PO4)2F20 25% 50% 25% 31% 53% 16%
NasV2(PO4)2F 15015 6.25% 37.5% 56.25% 7% 24% 69%
Nag(VO),(PO.).F 100% 3% 97%
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111.4. NMR study on NaxV2(POa.)2F3 and NaxV2(POa4)2F-0

111.4.1. NaxV,(PO4),F3

All the desodiated phases were first studied by Na MAS NMR, then by 3P MAS
NMR. The XRD patterns were recorded on the recovered powder in order to confirm their
structures and compositions. The XRD patterns of the desodiated phases and their
corresponding cell parameters obtained from Le Bail fits are summarized in Figure 3.19
and Table 3.7.

For most of the recovered powder, the XRD patterns show well defined peaks,
except for NaV2(POs).Fs. The diffraction peaks of NaV2(POas):Fs are significantly
broadened and the global intensity of all the diffracted peaks is significantly low
suggesting that the structure might become highly disordered at the high applied voltage.
The intensity of the diffraction peaks in NaV2(POas)2F3 is so low that a Le Bail fit
performed on the obtained XRD pattern did not give any meaningful information.

Na,V,(PO,),F,

-JIL——-—"‘ - .../\L _/\;ta;.o

Intensity (a.u.)

f}r«——tﬁ ﬁ;z;

-
.—J\A\ .

x=3

T 1

20 35
26(°)

1

Figure 3.19 : XRD patterns of NaxV2(POa,).Fz powders recorded with Cu Ko radiation. The 2@ angular
region of 25 - 27.375° was excluded from the patterns due to the presence of the intense diffraction peaks
of KBr. The intensities of all the diffraction peaks were normalized to the range of 0 — 1.
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Table 3.7 : Cell parameters of NayV2(PO4)2Fs3 (1.5 < x < 3) materials determined from Le Bail fits. (T The

XRD patterns reveal the presence of two phases with the Amam and P4,/mnm space groups, respectively.

% All the observed reflection peaks can be observed by the use of a supercell with the Pmmm space group
as reported in [132]. Nevertheless, the actual structure of the supercell is still unknown).

Space group a(A) b (A) c(A) VIZ (A3

x=3 Amam 9.0288(6) 9.0426(6) 10.7402(5) 219.22
x=2.6 Amam 9.020(1) 9.0433(6) 10.7549(6) 219.33
X =227 Amam 9.035(1) 8.9777(5) 10.7825(6) 218.66

14/mmm 6.3139(3) 6.3139(3) 10.791(1) 215.10
x=2.1t Amam 9.0197(8) 8.9771(3) 10.7794(4) 218.20

14/mmm 6.3179(3) 6.3179(3) 10.7981(8) 215,51
X =2.0% Pmmm 25.296(1) 12.6097(1) 21.597(1) 215.28
x=18 14/mmm 6.3125(5) 6.3125(5) 10.796(1) 215.10
x=15 14/mmm 6.2879(4) 6.2879(4) 10.832(2) 214.13

The XRD results reveal that the patterns recorded for NaszV2(POs)2F3 and
Na2.6V2(PO4)2F3 can be indexed with a single phase within the Amam space group (Table
3.7). All the samples with 2.0 < x < 2.6 were in fact a mixture of two phases indexed in
the Amam and 14/mmm space groups, respectively (Figure 3.19 and Table 3.7). In
Na2V2(POas)2Fs, the recorded XRD pattern reveals the appearance of several extra
diffraction peaks which are due to the formation of a new supercell, indexed in the Pmmm
space group (Figure 3.20); nonetheless, the actual structure of this supercell has not been
determined yet even with the help of SXRD [132]. When the x value is less than 2.0, the
recorded XRD patterns can be indexed in the 14/mmm space group (Table 3.7).
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Figure 3.20 : Le Bail fit of NayV2(POa4)2Fs performed by the use of a supercell within the Pmmm space
group with a = 25.221 A, b =12.599 A and ¢ = 21.586 A.
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A change in the space group indexations from Amam to Pmmm and I4/mmm is a
consequence of the Na™—vacancy ordering that occurs during the desodiation process. At
the atomic local scale, the phosphorus atoms in these structures reside in the PO4 group,
which is always in interaction with its four neighboring vanadium ions, P(OV"")4. The
atomic positions of the Na* ions in the diffusion channels vary during the electrochemical
cycling as a result of the Na*™—vacancy ordering; nonetheless, the strongest Fermi contact
between V™ ions and the Na nucleus always comes from the two V"™ ions in the closest
bioctahedral unit. Therefore, the origin of 2Na MAS NMR resonances observed in
NaxV2(POs).F3 desodiated phases can also be interpreted by the distribution of
V3 IV4 VS jons in the Na(OV™); units.

As already discussed, the Na MAS NMR spectrum of the pristine phase,
NasV2(PO4)2F3, shows the main resonance at 140 ppm corresponding to the Na(OV3*—F),
local environment where the Na nucleus receives the electron spins from the two
neighboring V3" thanks to the strong 3dx, (V3*) — 2px (F) — 3s (Na) orbital interaction
[101,143,182]. The tiny signal at 92 ppm is due the Na(OV3'-F)(OV**=0) local
environment as a result of the presence of oxygen defects (Figure 3.21a). Upon
electrochemical charging, Na* ions are extracted from the structure together with the
oxidation of V3" into V** to form the NaxV2(POa)2F3 (0 < x < 3) compositions. A single
23Na NMR resonance at 140 ppm is observed for Naz.6V2(POa)2F3 (Figure 3.21a), which
is similar to the case of NasV2(POas)2Fs. This resonance is also assigned to the
Na(OV3'—F), local environment. The resonance at 92 ppm was completely diminished
which could be due to a preferential extraction of Na* ions close to V** ions bonded to
the O-defect.

250 200 150 100 50 0 50 8000 6000 4000 2000 0 2000
J(ppm) &(ppm)

Figure 3.21 : (a) Na MAS NMR spectra of NaxV2(PO4)2F3 phases recorded at Bo = 11.7 T with vg = 30
kHz, (b) 3'P MAS NMR spectra of NaxV2(PQO4)2F3 phases recorded at Bo = 2.35 T with vg = 30 kHz.
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The 3P spectrum of pristine phase, NasV2(PO4)2F3, shows a main signal at 6000
ppm, which is attributed to the dominant P(OV3*—F)4 local environment [143]. The tiny
resonance at 4500 ppm is attributed to the P(OV>*—F)3(OV**=0)yanagyi Unit as a result of
the presence of oxygen defects [143]. In Naz6V2(POa)2F3, the main *'P NMR resonance
at 6000 ppm corresponding to the P(OV**-F)4 local environment can be observed clearly,
and the resonances at 4500 ppm, 3000 ppm and 1500 ppm corresponding to V4*=0
defects are still obvious.

Up to now, we have distinguished two different V4* local environments in this
structure:

i) V* involved in a vanadyl-type bond, F-V**04=0, which is formed due to the
presence of the oxygen defects or oxygen substitution in the structure. This V
environment is highly distorted due to the presence of a strongly covalent vanadyl bond
(dv=o = 1.62 A). As a consequence, the unpaired electron of V#* is localized in the 3dyy
orbital, which cannot be extended to the neighboring phosphorus nuclei to induce the
Fermi contact.

i) V* inthe slightly distorted F-V**Os—F local environment: In the pristine material,
NasV2(PO4)2F3, most of the V' ions reside in the ‘quasi’-symmetric octahedral site
F-V3*O4—F; upon charge, the V3* in this octahedral site is oxidized and thus generates the
F-V*'04—F group with a contraction on the surrounding bond lengths. The terminal V-F
in this unit is shortened to ~ 1.88 A; nevertheless, this length shortening is not strong
enough to induce a significant compressed tetragonal distortion on this octahedral site
and the three toq orbitals of V#* are still degenerated. Therefore, the unpaired electron on
V# in F-V*04—F partially occupies these tag orbitals and can thus induce the Fermi

contact with the neighboring phosphorus.

In order to distinguish the two different kinds of V#* ions that can exist in the
structure upon charging, we labelled the V** formed by oxygen substitution as “V4*=0”
and its interaction with the phosphorus nucleus is denoted as P(OV**=0) in order to stress
the presence of the highly covalent vanadyl bond that induces the great local distortion
on this site. The V#* ion formed through the oxidation of F-V**Os—F during charge is
labelled as “V#*—F” and its Fermi interaction with the neighboring phosphorus is denoted

as P(OV*—F). The presence of O in the P(OV*—F) notation stresses that the Fermi
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contact between V3*/V** and the adjacent phosphorus nucleus occurs through the shared
oxygen. These notations will be used in the following parts in order to explain the origin
of the 22Na and 3P NMR resonances detected in NaxV2(POas)2F3 desodiated phases.

In Na2.2V2(POs)2F3 and Naz1V2(POs)2Fs, three different 2*Na signals are detected
at 140 ppm, 110 ppm and 80 ppm (Figure 3.21a). By analogy to the study of the oxygen
substituted NasV2(POa4)2F3.4-Oy phases, these 22Na NMR resonances are attributed to the
Na(OV3*—F),, Na(OV*—F)(OV**—F) and Na(OV**—F), local environments, respectively.
As mentioned above, the V**—F groups are generated from the oxidation of V**~F groups
during the desodiation. This oxidation leads to a decrease in the total electron spin density
in the unit cell, and thus weakens the Fermi contact between V™ ions and Na nuclei. The
relative intensities between Na(OV®-F);, Na(OV**-F)(OV*-F) and Na(OV*-F),
resonances does not follow a binomial distribution expected for a statistical repartition of
V3 V4 in the bioctahedra, which could be due to the fact that (i) the co-existence of
Amam and 14/mmm phases (Table 3.7) and each of these phases has different preference
towards the formation of VV3*—F or V#*—F, or (ii) the oxidation of VV**—F into V**—F does
not occur randomly in these compositions, but through a V¥*—F/V4**~F charge ordering
and hence the V3*—F/V**—F distribution does not obey the statistics anymore.

The 3P NMR spectra recorded for Naz 2V2(POas)2F3 and Naz.1V2(POa)2F3 show a
main resonance at 3700 ppm while the signatures of V#*=0 defects at 4500 ppm and 3000
ppm are still visible. One would have expected the presence of multiple 3P NMR signals
in these compositions due to a statistical repartition of V3*—F and V*-F groups.
Nonetheless, the presence of a main signal at 3700 ppm indicates that only one 3P local
environment is observed and the oxidation of VV**—F into VV**—F occurs through a charge
ordering process around the phosphorus nuclei that all the phosphorus local environments
are the identical. For x = 2.2 and 2.1, we expect roughly the same amount of V3* and V**
ions, and the main signal could then be assigned to the P(OV3*—F)(OV**—F) local

environment.

When moving from NazV2(POas)2F3 to NaiV2(POs)2Fs, only one 2Na MAS NMR
resonance is detected and its position shifts gradually from 80 ppm to 35 ppm. This
observation indicates that (i) the Na* ions in the highly desodiated phases can possess

higher mobility than in its initial state that they can hop freely between different Na sites
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in the diffusion channels and hence only one average signal can be detected on the NMR
timescale, or (ii) there could be a rapid electronic hopping between two vanadium sites in
the same bioctahedral unit and this electronic hopping can occur in all bioctahedra that
all the vanadium sites are now equivalent in terms of spin, which would result in a unique
23Na NMR resonance. Finally, the unique > Na NMR signal shifts gradually toward a
lower resonant frequency as the electron spin density in the unit cell decreases when the
desodiation occurs and this weakens the Fermi contact between vanadium ions and Na
nuclei.

One 3P MAS NMR resonance is also observed in all the compositions between
NazV2(PO4)2F3 to NaiV2(POa)2F3, thus confirming the fast electronic hopping between
vanadium sites in the same bioctahedral units and all the vanadium ions are now
equivalent in terms of electron spin. The 3P NMR resonances also shifts toward a lower

resonant frequency due to a decrease in the total spin density upon charge.

In the case of NaiV2(POa):Fs, several 3P MAS NMR measurements were
performed on this composition, and in some cases the obtained signals were greatly
broadened. Some 3P MAS NMR studies on NaV2(POa).Fs reported in the literature also
showed very broad and featureless signals [152,201], the broadening and the featureless
of the signals at the high voltage region could be linked to the disorder of the phase as
indicated by broadening of the diffraction lines or it could also be linked to the instability

of the highly desodiated samples.

111.4.2. Na,V»(PO4),F,0

By the use of operando XAS, we have discovered that the V*—F/V3*—F and
{5 =0}*"1{Vv**=0}?* redox couples can be activated simultaneously in this composition
(Chapter 11); hence, upon charge we can expect the co-existence of different vanadium
species: V¥'—F, V¥*—F, V#=0 and V°>"=0, which might complicate the interpretation of
the recorded *Na and 3P NMR spectra.

The %Na spectrum of NazV2(PO4)2F20 shows three different resonances at 150
ppm, 102 ppm and 60 ppm (Figure 3.22a), which are assigned to Na(OV®'—F),,

Na(OV3*-F)(OV*=0) and Na(OV*=0), local environments, respectively
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[101,143,182]. In the desodiated phases, only one broad *Na resonance is observed
which could be due to the fact that there is no formation of Na*—vacancy ordering upon
cycling and the Na" mobility in the desodiated phases is greater than in the pristine
material, NasV2(POa.)2F20. Therefore, the Na* ions in the desodiated phases can be
hopping freely between different Na sites leading to the observation of an average Na
resonance. The >2Na resonances in the desodiated phases shift continuously to the lower
value as the Fermi contact is weakened when more and more vanadium ions are oxidized
into higher oxidation states. The 2Na NMR resonance observed at -20 ppm could be due

to the electrolyte residue that contained NaPFe.

(a) 23Na NMR (b) 31p NMR
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Figure 3.22 : (a) 22Na MAS NMR spectra of NaxV2(PO4).F,0 phases recorded at Bo = 11.7 T with vg =
30 kHz, and (b) 3P MAS NMR spectra of NaxV2(PQ4)2F,0 phases recorded at By = 2.35 T with vg = 30
kHz.

As it was explained earlier, the 3P spectrum of NazV3"V**(POs)2F20 shows five
different resonances at 6000 ppm, 4500 ppm, 3000 ppm, 1500 ppm and O ppm (Figure
3.22b) corresponding to the P(V3*—F)s, P(V¥-F)3(OV*'=0), P(V3*-F)(OV*=0),,
P(V¥-F)(OV*=0); and P(OV*=0)s local environments, respectively. In
Na25V2(PO4)2F20, all the paramagnetic resonances with a shift higher than 3000 ppm
decrease in intensity, which is a clear evidence of the oxidation of V3*—F into V*'—F. A
diamagnetic signal observed at -160 ppm for Na>V2(POa4)2F20 and NaisV2(POas)2F0
could be originated from the electrolyte residue. In the Nai.5V2(PO4)2F20O composition,
we observed a growth of the 3P MAS NMR resonances at 600 ppm and 2 ppm, which
are now assigned to the P(V*—F)(OV°*=0); and P(OV°*=0)s local environments

generated during the desodiation process. Nonetheless, the 3P NMR spectra of
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NaxV2(PO4)2F20 compositions are really complex that we do not fully understand the
origin of all the observed resonances and the DFT calculations are required in order to
make a better understanding on this system.

Through a systematic study on the 2Na and *'P MAS NMR spectra recorded on
the NaxV2(POs)2F3 and NaxV2(PO4)2F20 systems, we have discovered that the Na* ions
in the desodiated phases might possess a higher diffusion coefficient than in the initial
state that their 2Na NMR resonances can quickly merge into one signal. In the oxygen
substituted phases, NasV2.,(POa)2F3.,-Oy, there exist V4 ions, but these V** ions are
strongly bonded to the oxygen atom forming the highly covalent vanadyl bond V**=0.
The local environment of V** engaged in a vanadyl bond is highly distorted that its
unpaired electron is localized in the 3dyy orbital with no spin transfer to its neighboring P
nuclei. Starting from NazV2(POs)2Fs, V* ions can also be generated by an
electrochemical oxidation of F-V3*O.—F groups. The EXAFS analyses performed on the
operando XAS data show that the local environment of V** ions in F-V#*OQ4—F groups is
just slightly distorted (Chapter I1) and its unpaired electron can partially occupy all the
tog Orbitals. An V#* in this local environment can still engage in the Fermi contact with its

neighboring P nuclei.

111.5. Conclusions

The local atomic and electronic structures of the compositions belonging to the
solid solution NasV2(POs)2F3 — Naz(VO)2(POs)2F have been investigated by a
combination of 2Na and 3P MAS NMR and DFT calculations. The experimental 3!P
NMR Fermi contact shift values are in agreement with those calculated using the PAW
approach implemented in the VASP code considering a Curie-Weiss law. The V3* ions
in NasV2(POas)2F3 reside in a ‘quasi’-symmetric octahedral site with its electron spins
spreading out to the four neighboring phosphorus nuclei through the orbital overlap
between its 3dx./3dy, orbitals and the sp® hybridized orbital of phosphorus atoms via the
O 2p orbital. The presence of a V3 ion in the proximity of a phosphorus nucleus
contributes to the Fermi contact shift of 1500 ppm. Once oxygen substitution occurs, the
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vanadium ion bonded to this oxygen is oxidized to V#* and forms a vanadyl-type bond
with a very peculiar electronic structure (dx,*). This highly covalent bond distorts the local
structure of the vanadium ion, imposes further orbital splitting where 3dyy orbital of V4*
has the lowest energy and can be occupied by the unpaired electron of VV**. This peculiar
electronic structure of V#* ion thus suppresses the spin transfer to their neighboring
phosphorus nuclei and hence the P(OV#*=0), environment with a shift in the diamagnetic
ppm region. The observation of the resonance close to 0 ppm for the P(OV*),
environment is a surprising finding in the field of paramagnetic ss-NMR, which shows
the importance role of orbital overlap in the Fermi contact shift. The Na MAS NMR
signals assignment was also confirmed and illustrated by the orbital overlap model. In the
case of 22Na NMR, the direct Fermi contact between V**/V#* and the Na nucleus is rather
weak. The spin transfer on Na nuclei occurs mainly through the sharing fluorine atom
between the two vanadium ions. An analysis of the relative intensity of the *'P and ZNa
NMR signals shows there is no segregation of V** ions in the NasV2(POa)2Fs —
Naz(VO)2(POa)2F electrode materials, unlike what was suspected for the LiVPOsF —
LiVPO40 series [192,193].

Na and 3P ss-NMR were also studied for the NaxV2(PO4)2Fs and
NaxV2(PO4)2F20 (1 < x < 3) desodiated phases and the obtained results show a gradual
shift to lower resonant frequencies of the Na and !P signals as a consequence of a
decrease in the materials’ electron spin density upon charge. In the NaxV2(POa)2Fs series,
new 2*Na resonances were observed upon charge which could be due to the formation of
Na*—vacancy ordering in the diffusion channels whereas a continuous evolution of the
unique 3P resonance implies a possible electron hopping between the two vanadium sites
in the same bioctahedral unit. In the case of NaxV2(PO4)2F-0, three 2Na NMR resonances
were observed in the initial state, however they quickly merged into one signal once the

desodiation started implying an increase in the Na* mobility in the desodiated phases.
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Chapter IV - Cationic Substitution in NazV2(POa4)2Fs — Naz(VO)2(POa).F

IVV.1. Introduction

NasV2(PO4)2F3 and other related structures are widely considered as promising
materials for SIBs thanks to their high operating voltage, high theoretical capacity and
excellent long-term cycling. Furthermore, many recent studies have shown that the Na*
ions in NasV2(POa4)2Fs are relatively mobile and that they can be easily replaced by Li*
ions and the resulting material can also be used as positive electrode in LIBs [105,122—
124,153]. Lin et al. have also shown that the Na* ions in NazV2(POa)2F3 can be exchanged
with K* ions leading to the formation of KsV2(PO4)2F3, which is a suitable positive

electrode for potassium-ion batteries with good cycling performance [126].

Even though NaszV2(POs)2F3 shows several interesting properties as a positive
electrode for SIBs, it also possesses many drawbacks that need to be improved in order
to develop a new generation of electrodes with superior electrochemical performances.
Firstly, the electronic conductivity of the phase is rather slow and a carbon coating process
is usually required in order to improve the material’s electrochemical performance,
especially for high cycling rates [131]. Secondly, there are many Na*-vacancy orderings
occurring upon cycling and many theoretical studies have suggested that the formation of
these Na'-vacancy orderings might increase significantly the activation energy required
for the Na* diffusion process. It was also proposed that the substitution of V3* by a foreign
ion, isovalent or aliovalent, will disrupt the charge ordering and thus promote greatly the
ionic diffusion [119,128]. Other experimental researches also demonstrated that when the
V3" in NazV2(POs)2Fs is partially substituted by yttrium or manganese ion, the charge
transfer resistance will be reduced [206,207]. Last but not least, there are two V3* ions
per formula unit of NasV2(POa4)2F3 and vanadium can reach the maximum oxidation state
of +5, thus the electrochemical performance of NazV2(POa)2Fz is ‘alkali ion-limited’
[128], meaning that the maximum number of exchanged electrons exceeds the number of
available Na®. In reality, only two Na* ions can participate in the reversible
electrochemical reaction together with an exchange of two electrons. Therefore, there are
two different approaches in order to improve the electrochemical performance of the
phase by (i) replacing one V3* ion in the structure by a lightweight and eco-friendly ion,
i.e. AI**, to increase the theoretical capacity of the material or (ii) introducing a structural
distortion into the phase so as to promote the extraction of the third Na* as predicted in
the theoretical work of Ceder’s group [119,127,128].
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This chapter is devoted to the exploration of the effects of cationic substitution on
the crystal structure and electrochemical behaviors of NasV2(POa4)F3 and
Naz(VO)2(POas)2F. This chapter is divided into three sub-chapters and each of them
focuses on the different nature of the substituents and the properties of the resulting

phases:

+ Ag‘/Na’ ion exchange into NasV2(POa)zF3 phase: The purpose of this study is to
develop a facile method to obtain AgsV2(PO4)2F3, which is a potential material that can

be further used as positive electrode for silver-based batteries.

+ Fed*-substituted Nas(VO)2(PO4)2F: In this study, a novel composition,
Nas(VO)Fe(POa)2F2 was obtained through an original sol-gel method. The phase exhibits
good electrochemical cycling performance with very low polarization even without
carbon-coating, implying that the Na* mobility is greatly improved by Fe3* substitution.
Furthermore, the electrochemical activity of the Fe3*/Fe?* redox couple as well as the >'Fe
Madossbauer signals of Fe ions in this structural framework have been observed for the first

time.

+ AlP*-substituted NasV2(PO4)2Fs and APP*-substituted Nas(VO)2(PO4)2F phases:
This study aims at a partial substitution of the vanadium ion by AI**, which is expected
to increase the material capacity and to induce a subtle structural distortion that might
promote the extraction of the third Na* at high voltage. By varying the reaction conditions,
new material compositions with the general formula
NasV2,Al(POs)2F3 (0 < z < 0.5) and Naz(VO)2;Al(PO4)2F1+; (0 < z < 2) were

successfully achieved.

128

——
| —



Chapter IV - Cationic Substitution in NazV2(POa4)2Fs — Naz(VO)2(POa).F

IV.2. Adg‘/Naion exchange into NasV2(PO4)-F3

IV.2.1. Samples preparation

Two batches of NazV2(POs)2F3 powders were used in this ionic exchange
experiment. The first batch contains a NazV2(POa)2Fz microcrystalline powder with the
particle size of ~ 1 um without any carbon coating at the surface of the particles. A second
batch of NasV2(PO4)2F3 was also prepared in order to reduce the particle size. In this case,
VPO, coated with carbon was used as an intermediate precursor, and thus the resulting
NasV2(POa4)2F3 powder has the particle size of the order of hundreds of nm and coated
with carbon. The synthesized NasV2(POas).Fs powders were then stirred for a variable
time in an aqueous solution of AgNO3 0.36 M to exchange sodium ions by silver ions.
The obtained powders after ion exchange were washed several times with water and

acetone and dried at 50°C under vacuum before being subjected to any characterization.

IV.2.2. Ag*/Na” ion exchange into microcrystalline NasV,(PO4),F3

The ion-exchange study started by following, through XRD, the amount of
Ag*/Na* substitution in NasV2(POa)2F3 as a function of time.

Figure 4.1 shows the XRD patterns collected at different times after the ion
exchange process started. One can observe that the exchange of Na® for Ag® starts
quickly, as after 15 minutes Bragg peaks’ positions (e.g. (113), (222)) and intensities (e.g.
(220), (211)) are already modified, indicative of the initial substitution (the volume of
unit cell describing the material increases from 219.2 A% to 220 A%). A long ion exchange
time of 20 hours results in a significantly different diffraction pattern, indicating that the
material has become significantly Ag-rich. However, only a small variation is observed
between 20 and 60 hours of exchange and the volume of the unit cell increases only
slightly from 223.8 to 224.3 A%, respectively. Although this could indicate that the
exchange is at this point complete, SEM-EDX after the longest ion exchange reaction
time (60 h) shows that some sodium remains in the structure (approximately 0.38
Na*/f.u.). The global composition reached is close to Ag2.716)Nao32)V2(POa)2F3, still
containing some Na* but significantly Ag-rich. This composition, in rather good
agreement with SEM-EDX, is obtained from the Rietveld refinement described in the
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following (Figure 4.2). We suggest that the incomplete exchange is due to limited

kinetics because of the large particles size of our NazV2(POa)2Fs.
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Figure 4.1 : Evolution of the XRD patterns of NaszV2(POs)2F3 with the larger size particles as the Ag*/Na*
ion exchange proceeds. The different positions of selected Bragg peaks, indexed in the orthorhombic
Amam space group, are highlighted at the top. The unit cell volume obtained from Rietveld refinement is
also indicated.

The crystal structure of Agz.716)Nao.3@)V2(POas)2F3 obtained after ion exchange
was studied by high angular resolution SXRD, while the complete Rietveld structural
refinement was carried out combining this with neutron diffraction data from the D2B
diffractometer at ILL (Figure 4.2). A combined approach was chosen because the XRD
pattern is dominated by the “heavy” silver and vanadium atoms while neutrons are helpful
to better localize the lighter atoms O, F, P and the residual Na. The Bragg reflections in
the SXRD pattern have slightly modified angular positions as compared to those
measured from NasV2(POa4)2F3, although the most important differences are found on the
reflections' intensities, as expected by the higher atomic weight of silver with respect to
sodium. Indexation quickly revealed the compatibility of all Bragg positions with the
Amam space group of NasV2(POs)2Fs. As all the diffraction peaks are properly indexed,
no doubt is left about the presence of a single phase after our ionic exchange. We mention
nonetheless the presence of few small peaks (in the synchrotron data only) that are
actually unindexed, but being significantly broader than those of the main phase, we
attribute them at this stage to impurities resulting from the ion exchange reaction.
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The pure Na parent compound has the peculiarity of an extremely small
orthorhombic distortion in the a-b plane. The distortion is found to significantly increase
in Ag2.716)Nao32)V2(POs)2F3, where a = 9.0843(1) A and b = 9.0303(1) A (b < a now and
a/b = 1.006). This implies that while the b unit cell parameter slightly decreases, a
increases (< 1%). The c axis, perpendicular to the 2-D planes of (Na/Ag) lengthens more
significantly, from ¢ = 10.741(3) A to ¢ = 10.9942(1) A. It is interesting to note that this
directly confirms and further strengthens the recent attribution of an orthorhombic Amam
space group for NasV2(POs)2F3. The Ag/Na substitution respects such a symmetry
constraint and the space group can be more clearly and undoubtedly confirmed in reason
of the presence of Ag, which has two effects: it distorts more the a-b plane, making the
Bragg peaks’ splitting easier to observe, and it is a stronger scatterer of X-ray (Z = 47 vs.
Z = 11 for Na), thus dominating the intensity of reflections and clearly marking its

position in the structure.
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Figure 4.2 : Combined Rietveld refinement of SXRD and NPD of Agz.71¢)Nao.3@)V2(POa).F3. Measured
data are shown as green dots, Rietveld fit as a black line, their difference as a red line and Bragg positions
as blue marks.

Based on the combined Rietveld refinement of synchrotron and neutron
diffraction patterns (Figure 4.2 and Table 4.1), the crystal structure of
AQ2.716)Nao32)V2(PO4)2F3 was obtained and is displayed in Figure 4.3. The basic
structural framework of NasV2(POa)2F3, consisting of V20gF3z bioctahedra bridged by
corner-sharing POs tetrahedra, is preserved. The large 2D tunnels are also preserved,
hence the relative ease of ion exchange with silver without consequent disruption of the

3D framework of the material is not a surprise.
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Table 4.1 : Structural parameters obtained from combined Rietveld refinement of the structure of
Ag2716V2(PO4)2Fs by SXRD and neutrons diffraction data. The occupancy of Na3 site is found to be
slightly negative, and is thus set to 0. The sum of Ag and Na ions was constrained so that it equaled
3.00(2).

AQ2.716)Nao32)V2(PO4)2F3

Space group : Amam; Z=4
a=9.0843(1) A, b =9.0303(1) A, ¢ =10.9442(1) A
V =897.796(1) A3,V /Z = 224.449(1) A3
Combined y? = 6.56
Synchrotron Rgragg = 7.87%, Synchrotron Rwp = 16.7%
Neutrons Rgragg = 12.6%, Neutrons Rwp = 18.9%

Atorm Wyckoff Atomic position G e
position /5 y/b zlc
\Y; 8¢ A 0.2526(6) 0.1820(4) 1 0.5(1)
P 8e 0 0 0.2396(9) 1 0.7(1)
01 16h  0.099(1) 0.094(1) 0.156(1) 1 0702
02 16h  0.093(1) 0.402(1) 0.175(1) 1 0702
F1 4c A 0.265(2) 0 1 08(3)
F2 8¢ A 0.742(2)  0.140(1) 1 1.03)
Agl 4c A 0.9610(5) 0 0.93(4) 2.1(1)
Ag2 8f  0.9598(7) 0.792(1) Y 0.51(4) 1.2(2)
Ag3 8f 0.942(1) 0.856(2) Y 0.38(2) 1.6(3)
Nal 4c A 0.9610(5) 0 0.03(17) 2.1(1)
Na2 8f  0.9598(7) 0.792(1) Y 0.14(17) 1.2(2)
Amam space group

— ™

&
VIV-F1-V = 173.5(3)°
¢ (in bcplane)

Figure 4.3 : Crystal structure of Ag2716)Nao.32)V2(POa4)2F3 obtained by ion exchange from
NasV2(PO.)2F3. The space group Amam is retained, but a more pronounced orthorhombic distortion is
induced (a/b from 1.002 to 1.006).
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The increase of the unit cell dimensions can be explained by steric effects of the
bigger Ag* ions with respect to Na*. As reviewed by Shannon [155], the effective ionic
radii for 6-coordinated Na* and Ag* are 1.02 A and 1.15 A, respectively. This unit cell
increase is in line with what is observed for the Na/Ag substitution in other materials
families, such as alluaudites [208] and materials of composition Agz.xNaxFes3(X207)s (X
=P, As) [209-211].

In NazV2(PO4)2F3, sodium ions are found in planes at z = 0 and z = %, distributed
on a "triangular™ arrangement of three crystallographic sites Na(1), Na(2) and Na(3) . The
first one is fully occupied, while Na(2) and Na(3) have partial occupancies close to 2/3
and 1/3, respectively. We found that Ag* ions choose to place themselves on the exact
same sites as the Na* ions in NasV2(POs).Fs. Relative occupations are also similar (Table
4.1). Figure 4.4 gathers Na™ and Ag* distributions in the z = 0 plane. Since from SEM-
EDX it was found that the ion exchange was not complete we used this information and
included both Ag and Na cations in the Rietveld refinement. We observe that the
remaining Na* cations are localized in Na(1) (0.03(17) / f.u.) and mainly Na(2) (0.28(17)
/ f.u.) sites, but not in the Na(3) one, where the site occupancy factor (SOF) converged to
anegligible (slightly negative) value, and was thereafter set to zero. We can conclude that
Ag-Ag distances (Figure 4.4) are very similar to Na-Na ones in NasV2(POa)2Fs, except
for Ag(3)-Ag(3) which are farther away (Na(3)-Na(3) = 2.84 A in NasV2(POs):F3
whereas Ag(3)-Ag(3) = 3.50 A in Agz.716)Nao.32)V2(PO4)2Fs3).

(a)  AgzsNagsVy(PO,),Fs, T amb. (b)  Agy;NayssV,(PO,),Fs, T =600 K

-ﬂ .

Agl/Nal

Ag2/Na2 Agl1/Nal

Figure 4.4 : Sodium distribution in Ag2.716)Nao.32)V2(POa)2F3 for the room-temperature (Amam) and
high-temperature (14/mmm) polymorphs.

Both NasV2(POs)2Fz and its oxidized relative Nasz(VO)2(POs)2F are known to
undergo an order-disorder phase transition upon heating at 100°C and 200°C, respectively
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[82,83,135]. The disordering of sodium cations results in a tetragonal unit cell, smaller
by a factor of 2 and rotated by 45° with respect to the room-temperature one (Figure 4.4).
To assess the behavior of the Ag® ion-substituted compound, we realized an in situ
synchrotron temperature-controlled SXRD experiment. The sample we used was
Ag2.716)Nao3e)V2(POs)2F3 obtained from NasV2(POs)2Fs3, as the larger crystallite size
allows a better resolution in the in situ experiment. Figure 4.5 shows the evolution of the
diffracted peaks during the cooling process, i.e. the sample Ag2.716)Nao3@)V2(POas)2F3
was heated offline to 350°C and then measured in the beamline upon cooling. We can
observe that the transition occurs at a temperature 300°C < T < 325°C (Figure 4.5),

significantly higher than the one observed for NazV2(POa)2Fs.
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Figure 4.5 : SXRD data measured as a function of temperature upon cooling. The order-disorder phase
transition of Agz.716)Nao.32)V2(PO4)2F3 is observed close to T = 600 K. The inset zooms on the 13.6-15.4°
angular domain.

The SXRD pattern measured at ~350°C (625K) was used for a detailed structural
refinement by the Rietveld method. The results of the structural analysis are reported in
Table 4.2. Firstly one should note that the Ag amount is independently refined and, as in
the RT case, it yields 2.72(2) Ag/f.u. Agz2716Naose)V2(PO4):Fz follows the same
disordering scheme than reported for NasV2(POs)2Fs. Thus, no significant differences are
present within the skeleton of the compound between the RT and the high temperature
phases. The main difference is just a change in the position and the arrangement of the
monovalent cations within the z = 0 and z = 1/2 planes. They disorder in a circular
arrangement around the fluorine that terminates the bioctahedra. This in turn induces a
homogeneous electrostatic repulsion along the a and b axes, and thus favors the tetragonal

symmetry of the structure.
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Table 4.2 : Structural parameters obtained from Rietveld refinement of SXRD of
Ag2716)Nao32)V2(POs).F3 at 350°C. 0.3 Na/f.u. are included in the refinement, as obtained in the RT case.
Only site Nal is included because it is Wyckoff position 8h, corresponding to both Nal and Naz2 sites in
the RT Amam space group.

AQ2.72(2)Nap 3V2(PO4)2F3 (350°C)

Space group : 14/mmm; Z=2
a=6.4176(1) A, b =6.4176(1) A, c = 11.0198(1) A
V = 453.856(3) A3, V /Z = 226.928(1) A3
Combined y? = 4.09
Synchrotron Rpragg = 9.61%, Synchrotron Ryp = 11.3%

Atom Wyckoff Atomic position Occ. .
D x/a y/b zlc
Vv 4e 0 0 0.1819(3) 1 1.0(1)
P 4d Y 0 Y 1 1.6(1)
o) 16n 0.3082(9) 0 0.1651(5) 1 1.4
F1 2a 0 0 0 1 1.7(4)
F2 4e 0 0 0.3568(9) 1 1.93)
Agl 8h 0.2871(5) 0.2871(5) 0 0.30(1) 2.8(2)
Ag2 161 0.409(1)  0.210(1) 0 0.19(1) 3.8(3)
Nal 8h 0.2871(5) 0.2871(5) 0 0.075(-) 2.8(2)

DFT calculations by Matts et al. shed light on the migration barriers of sodium
into the structure of NasV2(POs)2F3 [128]. In particular, they calculated a very low
migration barrier for sodium within the rings with the order of 20 meV. This is of the
same order of the thermal energy at room T, usually estimated as 25 meV, which can well
explain why the orthorhombic structure features sodium ions in partial occupancy
positions. Bringing the temperature to 100°C in NasV2(POas)2F3 (corresponding to 35
meV) is sufficient to trigger the complete sodium disordering within such rings, in rather
good agreement with Matts et al. The fact that the disordering does not happen until
300°C in Agz.716)Nao32)V2(PO4)2F3 is an indication that the migration barriers for Ag are
higher than for Na. One should also note that the Na hops within the rings are non-
percolating, hence do not result in macroscopic sodium diffusion. A much higher energy
barrier is calculated for Na hops between neighboring rings, of the order of 0.6 eV and
above [128]. These hops are required for macroscopic diffusion; in fact, recently the
activation energy for Na conduction in NasV2(PO4)2Fz was measured by Impedance
Spectroscopy and reported to be 680 meV (or even greater) [128,212] in good agreement
with the calculations.
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IV.2.3. Ag*/Na* ion exchange into submicron NasV,(PO,),F3

Given the fact that the ion exchange does not proceed to completion even after 60
hours in the NasV2(POas)2Fs powder with the particle size of 1 um, we prepared a new
batch of NazV2(POs)2F3 with the particle size in the range of a few hundreds of nm. We
then repeated the ion exchange procedure, but with more intermediate characterization
steps. Figure 4.6 shows the evolution of the SXRD patterns as the ionic exchange
proceeds, while Table 4.3 summarizes the evolution of unit cell parameters.
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Figure 4.6 : Evolution of the SXRD patterns of NasV2(POa4)2F3 as the Ag*/Na* ion exchange proceeds.
The different positions of selected Bragg peaks, indexed in the orthorhombic Amam space group, are
highlighted at the top. The unit cell volume obtained from Rietveld refinement is also indicated.

The process gradually progresses over the first 31 hours. One can clearly observe
how the kinetics of the ion exchange is much faster in this case, since after 15 minutes of
ion exchange V/Zismin = 222.5 A3, whereas for the micro-size NasV2(POs)2Fs it was
V/Z1smin= 220.0 A3. After 105 min of ion exchange, \//Z1osmin = 224.6 A%, comparable to
the one obtained after 60 hours for micro-size NasV2(POs)2F3s and characterized in the
previous section. In this case, the ionic exchange is nearly complete after 31 hours. At
this time, the unit cell reaches 225.9 A%. Further exchange, up to a final time of 97 hours,

only slightly increases such value to 226.1 A3, These observations suggest that a solid
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solution domain is present in NasxAgxV2(POa)2F3. We do not observe any miscibility gap
(Figure 4.6), contrary to what was reported for the Li*/Na* exchange [122]. The
difference is likely due to the ionic radii of the cations (Rii+ = 0.76 A, Rna+ =1.02 A, Rag+
=1.15 A) [155], since the size mismatch between Li* and Na* is much larger than the one

between Ag* and Na*.

Table 4.3 : Unit cell parameters, volume and silver content (x) at different reaction times after the
beginning of the Ag*/Na* ion exchange in sub-micron NasV2(POa).F3. ICP-OES indicates a composition
of Ags.1+ 0.12Nao.12+0.05VPF after 97 hours, close to full exchange.

Time a (A) b (A) c(A) VIZ (A?)
0 9.028(3) 9.042(3) 10.741(3) 219.2(1)

15 min 9.0639(3) 9.0611(3) 10.8389(2) 222.56(6)
45 min 9.0769(3) 9.0602(3) 10.8863(3) 223.82(6)
105 min 9.0857(3) 9.0561(3) 10.9187(3) 224.60(5)
5h 9.0923(2) 9.0491(2) 10.9501(3) 225.24(4)
10h 9.0968(2) 9.0467(2) 10.9668(3) 225.63(4)
31h 9.0986(2) 9.0443(2) 10.9797(2) 225.88(4)
55 h 9.1004(2) 9.0437(2) 10.9842(2) 226.00(4)
97 h 9.1007(5) 9.0427(6) 10.9880(2) 226.08(6)

The sample that had been ion-exchanged for 97 hours and with the largest unit
cell (indicated as AgsV2(POas)2Fs, as obtained from the Rietveld refinement) was
measured by SXRD and the resulting pattern was used to refine the structure by Rietveld
method (Figure 4.7). No sodium is included in the refinement because ICP-OES only
indicates the presence of only 0.12 Na*/f.u., and such a small amount of Na is difficult to
localize. The long exchange in sub-micron NasV2(POa)2F3 results in significantly larger
unit cell parameters as compared to the pristine NasV2(PO4)2F3 (Table 1), with the SOF
of Ag converging to a value of 2.85 Ag/f.u. The fit quality (Rgragg) Of the sub-micron
Ag3V2(PO4)2Fs3 is worse than the one of micro-size Agz 716)Nao.3)V2(PO4)2F3 (reported
above) due to the broader reflections and the presence of additional small peaks, which
are not indexed and might belong to a different unit cell symmetry. Note that no
orthorhombic cell, even in the low-symmetry space group Pmmm, is able to index the
extra observed peaks. At present we cannot be conclusive on whether such peaks belong
to the phase (as a monoclinic distortion or a superstructure, for example), and this is

currently object of further study.
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Figure 4.7 : Rietveld refinement of SXRD of AgsV2(POa)2F3. Measured data are shown as green dots,
Rietveld fit as a black line, their difference as a red line and Bragg positions as blue marks.

Table 4.4 : Structural parameters obtained from Rietveld refinement of SXRD data of sub-micron
AgzV2(PO4)2F3. No Na is included in the refinement.

AgaV2(POs)2Fs

Space group : Amam; Z =4
a=19.1007(5) A, b =9.0427(6) A, ¢ = 10.9880(6) A
V =904.26(9) A3, V /Z = 226.07(5) A3
x2=76.5
Rbragg = 8.12%, Rup = 13.6%

atom Wygk_off Atomic position Occ. .
position x/a y/b zlc

\% 89 Ya 0.2536(9) 0.1801(7) 1 0.4(2)
P 8e 0 0 0.240(1) 1 1.4(3)
o1 16h 0.101(2)  0.094(3) 0.155(2) 1 1.2(6)
02 16h 0.094(2) 0.405(3) 0.175(2) 1 1.4(6)
F1 4c Y 0.265(4) 0 1 1.8(9)
F2 8¢ Y 0.739(3) 0.141(2) 1 0.6(5)
Agl 4c Ya 0.9592(9) 0 0.95(2) 2.5(3)
Ag2 8f 0.962(2)  0.788(3) v 0.51(5) 1.2(4)
Ag3 8f 0.943(2) 0.853(3) Y 0.44(5) 1.5(5)

To conclude, we have succeeded to obtain AgsV2(POa4)2Fs through Ag*/Na* ion
exchange into NasV2(POs)2Fs and the as-obtained material can potentially be used as
positive electrode in rechargeable silver-ion batteries.
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IV.3. Fe-substitution into Naz(\VO)2(PO4)-F

IV.3.1. Sample preparation

Naz(VO)Fe(PO4)2F2 was obtained through a sol-gel approach as inspired by the
work of Qi et al. [138] by using NaF (Sigma-Aldrich; > 99%), V(CsH702)s (Sigma-
Aldrich; > 97%), Fe(NO3)3.9H.O (Sigma-Aldrich; > 98%), and NH4H2PO4 (Sigma-
Aldrich; > 99.99%) precursors. The initial solution containing a mixture of NaF,
V(CsH702)3, Fe(NO3)3.9H20, and NHsH2PO4, dissolved in 5 mL of Ethanol and 3 mL of
Acetone, was dark red due to the dark color of V(CsH70O2)s. The solution was prepared
for the synthesis of 2 g of final product. After a few hours under stirring in a closed vessel,
the solution turned into a deep blue color as V** ions present in the solution were gradually
oxidized into V** by oxygen in air. After two days under continuous stirring, the cap was
opened in order to evaporate the solvent at ambient temperature, which leads to the
formation of a yellow viscous gel. This gel was placed into a golden crucible and first
annealed at 150°C during 3h to remove all the traces of solvent and then at 300°C during
3h in order to decompose all the nitrate and ammonium-containing sources. Afterwards,
the resulting powder was finely ground in a mortar, pelletized, and finally calcined at

550°C during 3h under Ar atmosphere.

Na;V,(PO,),F; Na;(VO)Fe(PO,),F, Na3(VO),(PO,),F

Figure 4.8 : A comparison of the color of the three samples: NaszV2(POa)2F3, Nas(VO)Fe(PO.)2F2, and
Na3(VO)2(PO4)2F.

The analysis of the recorded XRD pattern revealed that all the observed diffraction
peaks could be indexed in the P4>/mnm space group. No unindexed diffraction peak was
detected. Comparing the obtained powder to NasV2(POa)2F3 and Naz(VO)2(POs)2F, there
is an obvious change in their color. NazV2(PO4)2F3 and Nas(VO)2(PO4)2F are dark grey
and bluish green due to the presence of V3* and VV** respectively, whereas the synthesized
Nas(VO)Fe(PO4)2F2, with a V#*/Fe®" ratio equals to 1, is beige (Figure 4.8). The ICP-
OES analysis reveals a Na/\V//Fe/P relative ratio of 2.9/1/1/2 in this final product, which
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is in good agreement with the theoretical one. The SEM images of (Figure 4.9) show that

the powder consists of well crystalline primary particles of ca. 500 nm.

\u—nl’ﬂé ‘\' o y/"k. 1.3.
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Figure 4.9 : SEM images of Nas(VO)Fe(PO4).F at different magnifications.

Besides the synthesis of Nas(VO)Fe(POs).F2 we also explored the extended
composition domain Naz(VO)2.yFey(POs)2F1+y (0 <y < 2) by varying the V(CsH703)a3:
Fe(NOz)3.9H.0 molar ratio in the initial solution. The syntheses were performed in the
same conditions as those already discussed, however the obtained powders were a mixture
of NVPF- and NASICON-type phases. We also varied the thermal treatment conditions,
but no pure phase was successfully obtained (Figure 4.10 and Figure 4.11).

Figure 4.10 : Color of the powders obtained for different V : Fe ratios after a calcination at 550°C under
Ar atmosphere during 3h.
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Figure 4.11 : XRD pattern collected using the Cu Ko, radiation for the products obtained for different
V/Fe precursor ratios.

IV.3.2. Structural characterizations

The NasV2(PO4)2F3 parent composition presents a subtle orthorhombic distortion
of the unit cell as detected by SXRD through the splitting of the (200)/(020) and
(400)/(040) diffraction peaks and is now indexed in the Amam space group.[83]. In this
newly obtained Fe-substituted phase, no obvious separation of the (200)/(020) and
(400)/(040) doublets is observed. Rietveld refinements were performed in the P42/mnm
space group (Figure 4.12) and also performed in the Amam space group (Figure 4.13) in
order to choose the best structural description for this newly obtained phase. As
highlighted by a comparison of the profile fittings, the reliability factors, the cell
parameters and the interatomic distances (Figure 4.12, Figure 4.13, and Table 4.7), no
improvement of the fit was observed by considering the orthorhombic symmetry, and
hence the tetragonal unit cell was thus retained. Three Na* positions are identified in the
structure using Fourier difference maps. The atomic positions and the bond length values
obtained are given in Table 4.5 and Table 4.6, respectively. The M—F(2)/O(4) distance,
which corresponds to the terminal bonds of the bioctahedron, is rather short (1.795(1) A)
and is equal to the average value between the V=0 bond length in Nas(VVO)2(POa4)2F and
the terminal Fe—F bond length in NasFex(POs)Fs (1.626(1) A and 1.92(1) A,
respectively) [82,135,144]. This observation strongly suggests the presence of V=0
bonds in the structure of this newly obtained Nas(VO)Fe(POa)2F. phase.
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Figure 4.12 : Rietveld refinement from SXRD date recorded for Naz(VO)Fe(PO4)2F, performed in the
P4,/mnm space group. Insets show enlargements of the (200)/(020) and (400)/(040) doublets.

Table 4.5 : Structural parameters of Naz(VO)Fe(PQO4)2F2 obtained from Rietveld refinement of
synchrotron powder diffraction data collected at A = 0.8251 A.

Nas(VO)Fe(POa)2F2

Space group : P4/mnm; Z =4
a=b=9.03564(6) A, c =10.6412(1) A
V /Z = 217.195(2) A3
Rbragg = 3.46%, Ry = 10.3%, Rwp = 10.7%

Atomic position
atom Wy(.:,l(.Off Occ. Biso
plekiikeln xla y/b zlc

V(1) 8j 0.7483(6)  0.2517(6) 0.1917(2) Ya 0.96(6)
Fe(1) 8j 0.7483(6)  0.2517(6) 0.1917(2) Ya 0.96(6)
P(1) 4e Ya Ya 0.253(2) 1 0.9(2)
P(2) 4d Ya 0 Ya 1 0.8(1)
0(1) 16k 0.595(2) 0.094(2) 0.162(1) 1 0.78
0(2) 8j 0.598(2) 0.402(2) 0.160(2) 1 0.78
0(@3) 8j 0.402(2) 0.402(2) 0.330(2) 1 0.78
0(@4) 8j Ya Ya 0.360(2) Y2 1.0
F(1) 49 Ya Ya 0 1 0.4
F(2) 8j Ya Ya 0.360(2) Y2 1.0
Na(1) 8i 0.270(2) 0.022(2) 0 0.850(3) 2.1(1)
Na(2) 8i 0.476(3) 0.290(3) 0 0.58(1) 4.5(4)
Na(3) 4f 0.408(5) 0.408(5) 0 0.266(6) 3.0(3)
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Table 4.6 : Bond length distances (A) describing the coordination polyhedra of each cation in
Nas(VO)Fe(PO4)2F,, from Rietveld refinement in the P4>/mnm space group of synchrotron X-ray powder

diffraction data collected at A = 0.8251 A.

Nas(VO)Fe(PO4)2F2
V/Fe P(1) P(2) Na(1) Na(2) Na(3)
Coordination 6 4 4 7 7 6
Distances (A)
O(1) 1.954(6) 1.595(8) x2 2.619(9)x2 2.27(1)x2  2.42(1) x4
0(2) 2.013(6) 1.529(6) x4 2.70(1) x2
0(3) 1.983(6) x2  1.493(8) x2 2.351(7) x2
F(1) 2.040(1) 2.464(7) 2.50(1)
F(2)/0(4) 1.795(1) 2.547(6)x2  2.55(1)x2  2.50(1) x2
Yobs o S.G. Amam
— Yeatc s 1222 a=9.0356(3) A, b=9.0357(3) A
T;obs-vca.c ¢=10.6412(1) A
ragg pos. _ ) a ) B
i R, = 10.5%; R, = 11.0%; Ry, = 4.27%
i (400)/(040)
= (002)4 | (200)/(020) .
< (208) 1 (313)
> (111) § L.
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Figure 4.13 : Result of the Rietveld refinement performed in the Amam space group on the SXRD data

recorded on the Naz(VO)Fe(PO.)2F, phase.
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Table 4.7 : A comparison of the interatomic distances in Naz(\VO)Fe(PO.).2F, obtained from Rietveld
refinements by considering two structural descriptions: Amam and P4,/mnm space groups.

Amam P42/mnm
Interatomic distances Interatomic distances
(R) (R)
P(1)-0(1) 1.582(6) x 2 P(1)-0(2) 1.529(6) x 4
P(1)-0(2) 1.490(7) x 2 P(2)-0(2) 1.595(8) x 2
P(2)-0(3) 1.493(8) x 2
V/Fe-O(1) 2.001(7) x 2 V(1)-0(1) 2.013(6) x 2
V/Fe-O(2) 1.993(7) x 2 V(1)-0(2) 1.954(6)
V(1)-0(3) 1.983(6)
VIFe-F(1) 2.040(1) V(1)-F(1) 2.040(1)
V/Fe-F(2)/0(3) 1.802(4) V(1)-F(2)/0(4) 1.795(1)

The %"Fe Mossbauer spectrum of Nas(VO)Fe(PO.).F, exhibits a single quadrupole
doublet (Figure 4.14a). with an isomer shift 5= 0.41(1) mm-s™ and a mean quadrupole
splitting 4 = 0.61 mm-s™* corresponding to a six-fold coordinated high spin Fe** ion (t2>
eg2) in a highly symmetric environment. The rather high value of the isomer shift is due
to the high ionic character of the Fe—F and Fe—O bonds. The quadrupole splitting
distribution is mono-modal and very narrow meaning that there is only one discrete site
(8j) for Fe** ions with a regular and non-disordered local environment (Figure 4.19)

[213].

X-ray absorption near edge structure (XANES) spectra at vanadium K-edge (5465
eV) and at iron K-edge (7112 eV) were used in order to determine the local environment
as well as the oxidation state of vanadium and iron species. The edge energy of the
XANES spectra recorded at vanadium and iron K-edges confirms the expected
occurrence of V#* and Fe®* in the sample (Figure 4.14b and c). The low intensity of the
pre-edge signal on the XANES spectrum at Fe K-edge confirms the symmetric octahedral
environments of high-spin Fe**, while the high intensity of the pre-edge on the V K-edge
spectrum implies that V local environment is highly distorted due to the presence of the
highly covalent vanadyl bond, which is in agreement with the bond length values obtained

from Rietveld refinement.
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Figure 4.14 : (a) >'Fe M0ssbauer spectroscopy recorded at ambient temperature with a 5’Co source, (b)
Fe K-edge XANES spectrum of Naz(VO)Fe(PO4)2F2. Both Fe2*S04.7H,0 and Fe**P04.2H,0 are used as
references to determine the Fe oxidation state, (¢) V K-edge XANES spectrum of Naz(VO)Fe(POa4)2F.
The V¥*PQOq, LiV#*P0O40 and V>*OPO4 XANES spectra are reported to determine the V oxidation state,
(d) 3P ss-NMR spectrum recorded at Bo= 2.35T; vr= 30 kHz. The excitation pulse was placed at 5000
ppm. The asterisks (*) indicate the rotational spinning sidebands.

While the V#* and Fe3* ions share the same Wyckoff position and hence cannot
be distinguished by synchrotron X-ray diffraction, the EXAFS analysis at both V and Fe
K-edges provides detailed information about the V(O,F)s and Fe(O,F)s local
environments, even if oxygen and fluorine cannot be distinguished. The EXAFS analysis
at Fe K-edge of the Nas(VO)Fe(POa)2F, spectrum shows that the Fe®** occupies an
octahedral environment and is coordinated by four O atoms in a square plane at a distance
of 2.00 A and two O/F atoms on the axial positions at distances of 1.90 A and 2.00 A,
with Debye-Waller factors of 4.99-10" A2 On the other hand, the V**(O,F)s octahedron
is built by four equivalent oxygen atoms in a square plane at a V-O distance of
~2.00 A, one O/F atom at 2.11 A, and a closer O/F at 1.65 A corresponding to the V=0
vanadyl-type bond. Smaller Debye-Waller factors (2.24-10° A% vs 4.99.10° A?) are

observed, which is in good agreement with a more covalent environment for V#* than for

145

——
| —



Chapter IV - Cationic Substitution in NazV2(PO4)2F3; — Naz(VO)2(PO.).F

Fe3*. Taking into account the stoichiometry as well as the vanadium and iron oxidation
states, the structure of Na3(VO)Fe(POs)2F2 can be described as FeOsF, and VOsF
octahedra which are sharing one common fluorine atom to form FOsFe-F-FeOsF,
FO4Fe-F-VOs, or OsV-F-VOs bioctahedral units. Indeed, no superstructure
corresponding to the V#*/Fe®* ordering was detected in the SXRD data. The two ions are

randomly distributed over all the transition metal sites in the structure.

The recorded 3P ss-NMR spectrum shows a possible presence of several
resonances in the range of O to 10000 ppm (Figure 4.14d). We have recently
demonstrated that the presence of V** ion in highly distorted octahedral sites will cause
no Fermi contact with the neighboring phosphorus nuclei as the orbital containing the
electron spin of V#* does not point towards the phosphorus sites and the 3'P resonance at
~ 0 ppm is associated to the P(OV**")4 local environment. Therefore, the 3P paramagnetic
resonances observed here can only be induced by the Fermi contact between Fe** and
phosphorus nuclei.

Table 4.8 : A comparison of the cell parameters between the input model and the optimized structure of

Na3Fe2(PO4)2F3.
Input model Structure optimized by GGA

a(A) 9.029 9.148
b (A) 9.024 9.196
c(A) 10.747 10.778

a 90° 90°

B 90° 90°

¥ 90° 90°

The Fermi contact between the unpaired electrons of Fe** and the phosphorus
nuclei was studied through the NasFe2(POa)2F3 crystal structure and then extrapolated to
the case of Na3(VO)Fe(POs)2F2. The crystal structure of NasFe2(PO4)2F3 was reported by
Le Meins et al., and it contains six partially occupied Na sites [82], which cannot be taken
into account in the DFT calculations. Furthermore, in this study, we only wanted to
investigate the electron spin transfer between Fe** and its neighboring phosphorus nuclei,
which is not influenced by the positions of Na* ions in the diffusion channels. An
approximate NaszFe2(POs)2F3 input model was constructed based on the crystal structure
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of NazV2(PO4)2F3 by replacing all vanadium atoms in the unit cell by iron. The
NaszFe2(POs)2F3 input model was then relaxed by using the GGA method until the system
reached it minimum energy. The spin density on each nucleus as well as the spin
distribution map were calculated on the optimized structure. The theoretical 3!P

paramagnetic shift is then computed from the electron spin density by using Equation

(3).

[ Spin-up

£ spin-down

Phosphorus nucleus

Figure 4.15 : Electron spin density calculated at an iso-surface value of 2-107 electron-A* for
NasFez(POa)2F3. The ‘spin-up’ electrons are represented by the yellow region while the ‘spin down’
electrons are represented in blue.

The calculated spin distribution map shows that each phosphorus nucleus in the
unit cell is surrounded by four Fe** ions and all these Fe3* ions are in the high-spin state
(Figure 4.15). Thanks to the orbital overlap between the 3d orbitals of Fe3* and the sp®
hybridized orbital of phosphorus, the spin electrons on Fe®* can be transferred on the
phosphorus site. The presence of the high density of the electron spin close to the
phosphorus center will lead to a strong electron - nuclear spin interaction, resulting in the
high paramagnetic shift on the *!P NMR spectrum. All these four Fe* ions can transfer
their electron spins on the phosphorus center and the calculated paramagnetic shift for
this local environment is ~ 8400 ppm. In Chapter Ill, we have shown that the
paramagnetic interaction in this structural framework is cumulative, which implies that
the presence of one Fe3* in the proximity of a phosphorus nuclei will contribute to a
paramagnetic shift value of ~ 2100 ppm. We thus deduce that the P(OV*")s(OFe*"),
P(OV*")2(OFe®"),, and P(OV*)(OFe*)s local environments, if they exist in this crystal
structure, should give rise to the 3P NMR resonances at ~ 2100 ppm, 4200 ppm, and
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6300 ppm, respectively. The experimental signals are indeed observed in this range, but
they are unfortunately really broad due to a strong dipolar interaction between the five
unpaired electrons of each Fe** and the phosphorus nucleus. These broad signals also
overlap with the spinning side bands and the resolution of the recorded spectrum is not

sufficient to detect all individual contributions.

The theoretical paramagnetic shift for this P(OFe®*)4 local environment is ~ 8400
ppm. As we have recently demonstrated that there is no Fermi contact between V#* and
phosphorus nuclei in this structural framework, the magnitude of the Fermi contact will
depend only on the presence of Fe** ions in the proximity of the phosphorus nucleus.
Each Fe3* will contribute to a shift value of ~ 2100 ppm while there is no contribution of
V# to the paramagnetic shift of 3'P. In a recent work, we have reported that each V3"
(3d?) in the proximity of a Phosphorus atom in this structural framework will contribute
to a paramagnetic shift of ~ 1500 ppm due to the Fermi contact. In the case of Fe®*, due
to the presence of more unpaired electrons (3d°), each Fe* can contribute to a shift of ~
2100 ppm.

Peak 1
Peak 2
Peak 3
——Peak 4
Peak §
= Experimental

(a)

Intensity (a.u.)

200 100 0 -100
J(ppm)

Figure 4.16 : (a) An enlargement of the 3'P NMR diamagnetic resonances (200 ppm to -100 ppm)
recorded for the Nas(VO)Fe(PO4).F, material. The five diamagnetic resonances in this material can be
fitted by five different Gaussian/Lorentzian peak shape functions, (b) Illustration of the influence of the
second neighboring metal ion belonging to the bioctahedral unit on the 3P chemical shift value.

An enlargement on the 3'P NMR diamagnetic region associated to the P(OV**)4
environment (from -100 ppm to 200 ppm) reveals the presence of five diamagnetic
resonances equally separated by ~ 35 ppm. They can be fitted by five different pseudo-
Voigt peak shape functions (Figure 4.16a) and the corresponding values for the chemical

shift, peak width and amplitude are compared in Table 4.9. As a V** ion induces almost
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no Fermi contact with the neighboring P, these small shifts are associated to the presence
of Fe3* ions in the second coordination sphere of 3P nucleus leading either to a weak
Fermi contact shift or to small changes in the local atomic or electronic structure around
V4 resulting in such a small shift. These five 3P NMR resonances correspond to
P(OV*")4 local environments with different distribution of V** : Fe3* as second neighbors
in the bioctahedral units (Figure 4.18b). We hence propose that each Fe3*, as a second
transition metal neighbor in the bioctahedra, contributes to a shift of ~35 ppm; therefore,
the resonances at ~0 ppm, 33 ppm, 69 ppm, 105 ppm, and 139 ppm are assigned to
P(OV*—F—V*")4n(OV*—F—Fe*"), local environments with n = 0, 1, 2, 3, 4,
respectively. The relative intensities of the five diamagnetic resonances are in agreement
with the values estimated considering a binomial distribution (Table 4.9). This shows that
the V#*/Fe®* distribution in the bioctahedral units is fully random and solely controlled

by statistics.

Table 4.9 : The amplitude, chemical shift (5), peak width, pseudo-Voigt peak shape function (), and the
relative contribution of each 3P NMR resonance recorded in the diamagnetic region of
Nas(VO)Fe(PO.).F2. The fitting was done using the DM-fit program.

AT 6 (2 \(/;\)/;3?3)1 (Gaussian/rllorentzian) Eggi:il&i?;ﬁl ;Qtercigittlf:r:
Peak 1 6337 139 18.7 0.8 6.6% 6.25%
Peak 2 22955 105 18.6 0.8 23.8% 25%
Peak 3 31220 69 224 0.8 32.3% 37.5%
Peak 4 23818 33 19.9 1.0 24.6% 25%
Peak 5 12338 -5 255 0 12.7% 6.25%

The #Na MAS NMR spectrum recorded for Nas(VO)Fe(PO4)2F2 shows the
presence of resonances at 300 ppm, 200 ppm and 80 ppm (Figure 4.17) corresponding to
the Na(OFe®*"),, Na(OFe®*")(OV*") and Na(OV**), local environment, respectively. The
resonance at 200 ppm appears as a doublet while the one at 300 ppm appears as a triplet.
The presence of Fe** ion in the proximity of Na nucleus seems to induce an additional
interaction that results in the splitting of 22Na resonance lines. Nonetheless, the nature of

this additional interaction is still unclear.
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ZNa MAS NMR M
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Figure 4.17 : 2Na MAS NMR of Na3(VO)Fe(PO,),F recorded at Bo = 11.7 T with vg = 50 kHz.
Rotational spinning sidebands are marked with asterisks.

All the information obtained by synchrotron X-ray powder diffraction, chemical
analyses, as well as the local structure descriptions determined by °>’Fe Mossbauer, 3P
NMR and XAS at V and Fe K-edges spectroscopies, fully support the chemical formula
Nas(V**O)Fe* (PO4).F: for this new material.

IV.3.3. Electrochemical properties of Naz(VO)Fe(PO,),F,

Nas(VO)Fe(POa)2F2 was investigated as positive electrode in SIBs and cycled in
the voltage window 2.5 - 4.3 V vs. Na*/Na at the cycling rate of C/10 per Na*; only one
Na* can be reversibly extracted in this voltage window (Figure 4.18a). The first
derivative curve for Naz(VO)Fe(PO4)2F2 shows the presence of a broad peak at ~ 3.64 V
vs. Na*/Na (Figure 4.18a), which is comparable to the V>*/V** redox couple observed in
the Nas(VO)2(PO4)2F counterpart [146].

Several intermediate phases, stabilized by the Na'-vacancy ordering, were
detected during Na* deintercalation and re-intercalation from/in Na3(VO)2(POa)2F. In the
case of Nas(VO)Fe(POa)2F2, the charge/discharge curve is very sloping suggesting a solid
solution mechanism. Indeed, Fe** is randomly distributed among the transition metal
sites, which thus prevents the formation of charge ordering on the transition metal sites

as well as the Na*—vacancy ordering within the diffusion channels of the host structure.
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Figure 4.18 : (a) The charge/discharge curve of Nas(VO)Fe(POa)2F- at the cycling rate of C/10 per Na*
with the cutoff voltage of 4.3 and 5.0 V vs. Na*/Na. Inset shows the first derivative charge/discharge
curve as a function of the operational voltage, (b) The long-term evolution of the charge/discharge curves
at the cycling rate of C/10 per Na* in the potential range of 2.5 - 4.3 V vs. Na*/Na. Inset shows the
evolution of the coulombic efficiency during the first twenty cycles, (c) The charge/discharge curve at the
second cycle of Naz(VO)Fe(POa4)2F; at the cycling rate of C/10 per Na* in the potential range of 1.5 - 4.3
V vs. Na*/Na, (d) The charge/discharge capacity of Nas(VO)Fe(PO4).F at different cycle rates in the
potential ranges of 2.5-4.3 V and 1.5 - 4.3 V vs. Na*/Na.

Extra capacity is observed when the upper cutoff voltage is increased up to 5.0 V
vs. Na*/Na; nevertheless, this capacity is irreversible (Figure 4.18a). As this material
contains only one V** ion per formula unit, the extraction of one Na* implies that all the
vanadium ions are at the pentavalent state in Nax(VO)Fe(POas)2F2. Then, the extra
capacity can either be attributed to the oxidation of Fe3* into Fe** or to the electrolyte
degradation. Nonetheless, the >’Fe Mdssbauer spectrum recorded on the sample recovered
at 5.0 V only shows the presence of Fe3* in its high-spin state (Figure 4.19c) confirming
that Fe** was not oxidized into Fe**. We thus conclude that this irreversible extra capacity
is attributed to the electrolyte decomposition.
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Figure 4.19 : Room temperature 5’Fe Mdssbauer spectra of (a) pristine material Nas(VO)Fe(POa)2F2, (b)
Nas(VO)Fe(PO.).F; electrode discharged to 1.5 V vs. Na*/Na and (c) Nas(VO)Fe(POa).F; electrode
charged to 5.0 V vs. Na*/Na. All sub-spectra were calculated using a distribution of the quadrupole
splitting (A4) hyperfine parameter shown in the right panel.

Table 4.10 : Refined room temperature 5’Fe Mdssbauer hyperfine parameters for (i) pristine material
Nas(VO)Fe(PO4)2F>, (ii) Nas(VO)Fe(PO4).F; electrode discharged to 1.5 V vs. Na*/Na and (iii)
Nas(VO)Fe(PO.).F; electrode charged to 5.0 V vs. Na*/Na. (8 isomer shift in respect to a-Fe, A

quadrupole splitting, I Lorentzian line width and A relative area). (*) mean value of the A distribution.

Sample sub. & (mm/s) A (mm/s) r (mm/s) A (%) assignment
Pristine QD1 0.41(2) 0.61(*) 0.25(-) 100 HS-Fe®*
QD1 0.42(1) 0.57(*) 0.25(-) 53(3) HS-Fe®*
Discharged (1.5 V)
QD2 1.26(1) 1.08(*) 0.25(-) 47(3) HS-Fe?*
Charged (5 V) QD1 0.42(1) 0.55(*) 0.25(-) 100 HS-Fe®*

Even without carbon-coating, this material shows very small polarization with
limited capacity fading during electrochemical cycling (Figure 4.18b Inset). Indeed,
comparing to a Na//Na3(VO)2(PO4)2F half-cell operating in the same conditions, the
polarization observed for a Na//Naz(VO)Fe(POa4)2F2 half-cell appears to be two times

smaller (Figure 4.20). The cell parameters and the size of the diffusion channels of
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Nas(VO)Fe(PO4)2F2 are only ~ 0.1% bigger than those of Naz(VO)2(POa).F; furthermore,
the primary particles of Na3(VO)Fe(POs).F> are even bigger than those of
Naz(VO)2(POa)2F indicating that the easier diffusion cannot be attributed to shorter
diffusion lengths. These results suggest that the smaller polarization observed for
Nas(VO)Fe(POa)2F: is due to an improvement in the intrinsic properties of the material.
Dacek et al. reported that Na* diffusivity in NazM2(PO:)Xz (M = Al, V, Ti; X = F, O)
and in similar structures is unlikely affected by the size of the diffusion channels. It would
rather depend strongly on the Na*—vacancy ordering and the Na*-defect formation energy

[119,128].

A material with a high tendency to form Na*—vacancy ordering upon cycling, such
as NazV2(POa)2F3 and Nas(VO)2(POs)2F, will have a slower Na* diffusion process as
extra activation energy is required to first break the Na*—vacancy ordering and then create
local defects for the diffusion to occur. [119]. Any factor, such as cationic substitution on
the vanadium site [119,128], that can prevent the formation of Na*—vacancy ordering
during charge or lower the Na*-defect formation energy will thus be a driving force for
the formation of off-stoichiometry compositions. Therefore, Fe* substitution for V with
a random distribution of Fe** over V sites can be considered as an appropriate substituent
or dopant that can be used to improve the Na* diffusivity in NasV2(POs):Fs and
Naz(VO)2(POs)2F-type materials.
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Figure 4.20 : Comparison of the electrochemical properties between Nas(VO),(POa4).F and
Nas(VO)Fe(PO.).F, cycled in the same condition.
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Extra reversible capacity is obtained when the lower cutoff voltage is decreased
to 1.5 V vs. Na*/Na (Figure 4.18c), which could be due to the activation of the Fe**/Fe?*
redox couple that had been reported earlier for the NasFe2(PO4)2F3 composition [214].
The %"Fe Mdssbauer spectrum recorded on the material recovered at 1.5 V reveals the
existence of 47% of Fe?" (isomer shift =126 mm-s) and 53% of Fe*
(6 = 0.42 mm-st) in their high-spin state confirming the occurrence of the Fe3*/Fe?* redox
couple in this voltage region (Figure 4.19b). Other hyperfine parameters of these iron
species are given in Table 4.10. The hyperfine parameters of Fe*" in the pristine phase
and in Naszs(VO)Fe(POa4)2F2 are very similar implying that there is little influence of the
second coordination sphere on the Fe** sites. The reduction of 0.47 Fe** to Fe?
corresponds to the insertion of ~ 0.5 extra Na* ions at the low voltage region to result in
the composition Nazs5(VO)Fe(PO4)2F2. The insertion of more than 0.5 Na* ions into the
structure is not achieved, even at low cycling rates, most probably due to the strong Na*—
Na* electrostatic repulsions within the channels of the structure that destabilizes the

formation of the phases with more than 3.5 Na* per formula unit.

Zhang et al. reported that NasV2(POs)2F3 could be synthesized mechanically by
ball milling NasV2(PQOas)2F3 with Na metal.[150]. Three Na* ions were electrochemically
extracted from NasV2(PO4)2F3 upon charge; however, only two Na* ions could be
reinserted into the structure during discharge to form NaszV2(POas)2F3. The initial phase,
NasV2(POa4)2F3, was never recovered even though a very low cutoff voltage was applied
[150]. These observations confirm our results that the NasV2(POs)2Fs-like structure
cannot accommodate so many Na* into its structural channels. The polarization increases
greatly when the lower cutoff voltage is set at 1.5 V (Figure 4.18c¢), suggesting that the
Fe3*/Fe?" reduction and the extra Na* insertion processes are not energetically favorable;
nevertheless, it appears that the presence of a huge polarization at low voltage does not
affect the electrochemical mechanism involving the {V°*=0}3*/{V**=0}?* redox couple
at the high voltage region. By opening the electrochemical window to 1.5 - 4.3 V, the
Fe3*/Fe?" redox couple can thus be activated, which leads to an increase of the reversible
capacity of ca. 50% at C/10 (Figure 4.18d). Furthermore, it can recover its initial capacity

delivered at C/10 after a series of electrochemical cycling at higher rates (Figure 4.18d).
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IV.3.4. Operando structural characterization

Operando X-ray diffraction patterns recorded upon charging of an
electrochemical Na//Naz(VO)Fe(PO4)2F> half-cell in the potential range of 2.5 - 4.3 V
show a continuous evolution of the diffraction lines during the operation (Figure 4.21),
which confirms the existence of a solid solution mechanism, as suggested by the S slope
of the voltage profile (Figure 4.18a). As expected for a solid solution mechanism, the
description of the structure in the tetragonal unit cell (P42/mnm S.G.) remains valid all
along the Na* deintercalation. The Le Bail fit of Na2.54(VO)Fe(POs)2F2 in the P42/mnm
space group, recorded at pattern #25, is given in Figure 4.22. The cell parameters of
Nasx(VO)Fe(PO4)2F2 evolve slowly during the first five scans, which could be due to a
delay in the reaction at the beginning of charge; nevertheless, a linear evolution is

observed from the sixth scan until the end of charge (Figure 4.23).

(424) (440)

2 theta (%) 2theta (°) 2theta (9

Figure 4.21 : The evolution of significant diffraction lines during Na* deintercalation from
Nas(VO)Fe(PO4)2F-. In situ XRD patterns were recorded upon cycling of a Na// Nas(VO)Fe(POa).F, half-
cell at & = 0.8251 A.

The cell volume decreases with a contraction of the structure along a and b
directions and an expansion along the c direction during charge (Figure 4.23). As
expected, the oxidation of V#* into V°* with a smaller ionic radius leads to the decrease
of a and b, whereas the Na* deintercalation decreases the screening effect between the
terminal groups of two bioctahedral units pointing directly towards each other “through”
the channel (Figure 1.11a) and thus results in an increase of the ¢ parameter as a
compensation effect. This anisotropic contraction/expansion of the unit cell during the
Na* deintercalation reaction was also observed in NazV2(POa)2F3, Nas(VO)2(POa)2F as
well as many NASICON materials [102,104,117,132,146].
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Figure 4.22 : Profile matching of Naxs(VO)Fe(PO4)2F» recorded at pattern #25 on a
Na// Naz(VO)Fe(PQO4).F half-cell at A = 0.8251 A. The regions with the diffraction lines of Na metal, Be
window, and Al current collector were excluded from the profile matching.
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Figure 4.23 : The evolution of the cell parameters of Nas(\VO)Fe(PQOa.).F2 during the Na* deintercalation
reaction, determined from the Rietveld refinement of the SXRD patterns collected operando upon cycling
of a cell Na// Naz(VO)Fe(PO.)2F».
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Figure 4.24 : Operando V K-edge XANES spectra recorded operando upon cycling of a
Na//Naz(VO)Fe(POa4)2F, half-cell operating in the potential range of 2.5 - 4.5V vs. Na*/Na, and
(b) The evolution of the energy of the absorption edge (taken at the normalized intensity = 0.8) of the
Vanadium K-edge XANES spectra recorded operando a Na//Naz(VO)Fe(POa).F half-cell.

Operando XAS spectra at vanadium K-edge were collected upon charging a
Na//Naz(VO)Fe(PO4)2F2 half-cell in the voltage range of 2.5 - 4.5 V at C/10 (Figure
4.24a); note that operando XAS experiment at Fe K-edge were not performed as °’Fe
Mdssbauer measurements performed ex situ had already demonstrated that Fe®* did not
participate in the electrochemical reaction in the high voltage region. A linear evolution

of the vanadium absorption edge is observed between 2.5 and 4.3 V (Figure 4.24b).

Above 4.3 V, no change in the shape or the absorption edge energy is observed.
The edge energy in the initial state (5481.8 eV, taken at 80% of the maximum intensity
of the edge) corresponds to the presence of V#* while at the end of the charge only V°* is
detected (5484.1 eV) (Figure 4.25) supporting the speculation on the participation of the
{V>"=0}3"1{Vv*=0}?" redox couple in this potential range.
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Figure 4.25 : Vanadium K-edge XANES spectra recorded on a Na//Naz(VO)Fe(PO.)F; half-cell at the
initial state and at the end of charge. The spectra of V3*PQy, LiV4*P0O,40 and V*OPO, were used as
external references to determine the oxidation state of Vanadium.
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The operando V K-edge XAS data set was globally analyzed using a chemometric
approach, based on a combination of PCA and MCR-ALS methods [174]. The PCA
results show that there are two components required to describe the whole system and the
concentration profile of these two components is given in Figure 4.26. There is a delay
in the electrochemical reaction as the vanadium oxidation state only started to change
from the spectrum #5, and the electrochemical reaction involving the
{V**=013"1{Vv*=0}*" redox couple finished at spectrum #33, which corresponds to a
voltage value of ~ 4.3 V vs. Na*/Na. The reconstructed XAS spectra of these two

components are identical to the spectrum #1 and spectrum #33 recorded experimentally.
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Figure 4.26 : The evolution of the concentration of the two principal components required to describe all
the Vanadium K-edge XANES spectra recorded upon cycling of a Na//Nas(VO)Fe(PO.).F, half-cell
during charge.

The V local environments of the two principal components were obtained by
analyzing the EXAFS oscillations of the reconstructed spectra. The local structure of the
first component is identical to those of the pristine Naz(\VO)Fe(POa)2F2 reported above,
which is a highly distorted V(O/F)s octahedral site due to the presence of a vanadyl bond.
At the end of charge, V#*=0 is fully oxidized into V®*=0 and its local environment is
even more distorted with a contraction of the bond lengths in the equatorial plane: two of
the four equatorial V—O bonds are rather short (1.86 A) while the other two are at located
at a distance of 1.98 A. The vanadyl bond (dv=o = 1.62 A) and the V—F bond (dv-r axial) =
2.10 A) along the c axis are unlikely to be affected by the oxidation of V** to V°*. The
EXAFS analysis cannot distinguish whether the two contracted equatorial V-O bonds are

in the cis- or in the trans-configuration; however, we here propose that the two short V-
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O bonds would rather be formed on the trans-positions, which allows to minimize the
electrostatic repulsion between the two oxygen atoms that are approaching the V°* center
as a result of the bond length contraction.

The substitution of Fe3* into the structure of Nas(VO)2(PO4)2F was achieved
through a solvent assisted synthesis approach; however, in this study only the
Naz(VO)Fe(PO4)2F> composition was successfully obtained. In this newly obtained
phase, V** and Fe®" ions share the same Wyckoff position, and they are randomly
distributed over all the lattice positions. This random V**/Fe3* distribution could be the
origin of the absence of the Na'—vacancy ordering upon cycling, which might help to
improve the Na® diffusivity during the sodiation and desodiation processes. Both
{V"=0}*1{Vv#=0}>* and Fe*'/Fe** redox couples can be activated in
Nas(VO)Fe(PO4)2F2. Nonetheless, the reduction of Fe** into Fe?" occurs at very low
voltage together with a great polarization value that it cannot be used in any practical
applications. One Na* can be electrochemically extracted in the high-voltage region due
to the activation of the {V°"=0}3*/{V**=0}?* redox couple and the desodiation process

occurs through a solid-solution mechanism with very low polarization.
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IV.4. Al-substitution in NaszV2(PO4)2F3 — Nas(\VO)2(PO4).F

Bianchini and co-workers have recently reported the existence of a
NazV3*2.,Al(PO4)2F3 (0 < z < 0.3) solid solution [127]. These compositions can be
obtained by a direct solid-state synthesis starting from a stoichiometric mixture of VPOa,
AIPO4 and NaF. Nonetheless, the authors in this work did not mention what had been
obtained when the AI** content exceeded 0.3. In an independent work made by our group,
we discovered that when the AI®* content exceeded 0.3, the obtained products were a
mixture of NASICON (NasV*3*.,Al,(PO4)3) and NasV3*2,Al,(POa)2F3 phases; hence, by
solid-state synthesis, the solubility of AIP* in NazV3*2(POs)2F3 seemed to be limited to
0.3. All the as-obtained NazV3*,.,Al,(PO4)2F3 (0 <z < 0.3) materials can be indexed in the
Amam space group with a subtle orthorhombic distortion in the (ab) plane, which is
similar to the case of NazV2(PO4)2Fs. In terms of electrochemistry, only (2 - z) Na* ions
in these NasV2-Al;(POs)2F3 (0 < z < 0.3) phases can participate in the reversible
electrochemical reaction. The same authors speculated that in these NazV2.,Al;(POa)2F3
phases only the V4**—F/VV®*—F redox couple can be electrochemically activated. When the
V3 ions in NasV2(POa)2F3 are partially substituted by AI®*, the number of V3* redox
centers and thus the number of Na* ions that can be extracted from the materials will
decrease [127]. Even though the presence of AI** is detrimental to the electrochemical
properties of NasV2.,Al,(POs)2Fs phases, it is still very interesting from the
crystallographic point of view to know whether it is possible to increase the solubility of
A" in NasV2(PO4)2F3 by the use of other synthesis approaches or not.

In this study, we will report (i) the synthesis of NasV3*15Alos(PO4)2F3
composition, a new member of the NasV3*2,Al,(POa)2F3 family, that can be obtained by
“sol-gel synthesis in acidic media” showing that the solid solution can be extended
beyond z = 0.3, and (ii) the existence of a brand new material family, Nas(V**O).-
2Al(PO4)2F1+, (0 <z < 2), that can be obtained by “sol-gel synthesis in basic media” or
“solvent assisted synthesis approach”. Furthermore, an in-depth study by a combination
of SXRD, #Na and 3P solid-state NMR spectroscopy, infrared and XAS at Vanadium
K-edge will help us to gain insightful information on the differences in the local and long-
range crystal structures between the NasV3*2.,Al(POs).F3 and the Nas(V**O)x-

2Al;(PO4)2F1+, material families. Last but not least, the electrochemical properties of
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NasV3*15Al05(PO4)2F3 will be compared with some representatives of the Naz(V*4*O).-
2Al;(PO4)2F1+, compositions in order to gain insightful information on the nature of the
redox couple as well as the role of AI** substituent on the electrochemical properties of

each material family.

IV.4.1. Sol-gel synthesis of NazVV®*15Alo5(PO4)sF3

IV.4.1.1. Sample preparation

Citric acid monohydrate (Sigma-Aldrich; > 99%), NH4VO3 (Merck; 99%) and
Al(NO3)3.9H20 (Sigma-Aldrich; > 97%) with an appropriate molar ratio 2/1.5/0.5 were
first dissolved in a Teflon beaker containing about 100 mL of water, then NHsH2PO4
(Sigma-Aldrich; > 99.99%) and NaF (Sigma-Aldrich; > 99%) with 5% in excess, were
successively and slowly added to the solution. Once the solution turned green, which
corresponded to the reduction of V" to V3, it was heated overnight at 80°C under
continuous stirring to obtain a beige/dark powder. This powder was finely ground, placed
in a golden crucible, and heated at 350°C during 4h under Ar atmosphere to eliminate the
volatile species and to decompose the nitrate and ammonium precursors. The as-obtained
powder was subjected to a second calcination at 650°C during 10h under continuous
Argon flow. Finally, the resulting black powder was washed in water during 4 days to

eliminate possible impurities.

IV.4.1.2. Atomic and crystal structures characterization

The obtained powder was black due to the presence of carbon residue from the
decomposition of citric acid at high temperature. The powder was soaked in concentrated
HCI solution over one night in order to completely dissolve the phase product. The
solution was filtered to eliminate the carbon residue and then subjected to ICP-OES
analysis. The elemental analysis reveals the Na/V/AI/P ratio of 3/1.5/0.5/2.

The SXRD pattern shows that the obtained phase is pure and all the reflection
peaks can be indexed in the Amam space group (Figure 4.27). In this phase, the
orthorhombic splitting of (200)/(020) and (400)/(040) are no longer obvious; however,
the (400)/(040) peaks are slightly asymmetric and the Amam space group is required to

take into account this asymmetry (Figure 4.27 Inset).
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Figure 4.27 : Rietveld refinement performed in the Amam space group on the SXRD data recorded on the
NasV15Alos(PO4)2F3 powder (A = 0.6202 A). Inset shows a zoom on the (400)/(040) doublets.

Table 4.11 : Structural parameters of NazV1sAlos(PO4)2F3 obtained from Rietveld refinement of
synchrotron powder diffraction data collected at A = 0.6202 A.

NasV1.s5Alos(POa)2F3

Space group: Amam; Z =4
a=28.9818(3) A, b =8.9912(3) A, ¢ = 10.6814(2) A
V/Z =216.7(3) A3
Rbragg = 6.81%, Rp = 13.9%, Rwp = 10.3%

Atomic position

atom \lesﬂ(lgaf . Vb . Occ. Biso

V(1) 8¢ Y, 0.248(1)  0.1828(2) %  0.85(6)
Al(1) 8¢ Y, 0.248(1)  0.1828(2) Y, 0.85(6)
P(1) 8e 0 Y 0.246(1) 1 1.4(1)
0o(1) 16h 0.090(3)  0.097(2) 0.160(2) 1 0.3(1)
0(2) 16h 0.099(3)  0.400(3) 0.167(2) 1 0.5(1)
F(1) 4c Y Y 0 1 0.4(1)
F(2) 8¢ Y 0.247(1) 0.363(1) 1 1.2(1)
Na(1) 4c Y 0.480(3) 0 0.91(6) 1.6(6)
Na(2) 8f 0.554(2)  0.188(2) 0 0.82(2) 5.4(6)
Na(3) 4c Y 0.02(7) 0 0.45(6) 3.1(5)
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The structural parameters of this newly obtained phase are summarized in Table
4.11. The cell parameters are contracted in all directions due to the smaller ionic radius
of APP* as compared to V3* (Rp3+= 0.54 pm vs. Rys+ = 0.64 pm).The Na* ions are
distributed on three different Na sites with partial occupancies (Table 4.11). In this
composition, the M—Fterminal bond length has a value of 1.9267(9) A, which lies between
bond length values of V3*—Fiermina (1.968(6) A) in NasV2(POs)2F3 and Al**—Fierminal
(1.867(3) A) in NasAl(PO4)2Fs.

The SEM images show that the powder contains crystallites in different sizes
embedded in a carbon matrix. Nonetheless, the sample is inhomogeneous with an
irregular distribution of the carbon matrix: some regions in the sample are very porous

(Figure 4.28a and b) while others are denser (Figure 4.28c and d).

Figure 4.28 : SEM images of NazV1s5Alos(PO4)2F3 powder taken at Zone 1 at the magnification of (a) x
10000 and (b) x 30000, and at Zone 2 at the magnification of (c) x 10000 and (d) x 30000.

The IR spectrum recorded on this composition shows an intense and characteristic
stretching mode of PO bonds (in PO4>) at ~1100 cm™ (Figure 4.29a). The characteristic
stretching mode of the vanadyl group (V**=0) at ~920 cm™ is completely absent in this
composition, and thus implying that all vanadium ions are VV** with the terminal V3*—F
group. The Vanadium K-edge XANES spectrum of this phase was recorded and
compared to those of VPOs, LiVPOsO and VOPO;, references in order to identify the
vanadium oxidation state. The edge energy of this composition coincides with that of
VPO, proving this new obtained phase contains only V3" (Figure 4.29b). Furthermore,
the low intensity of the pre-edge signal indicates that all vanadium ions reside in a highly
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symmetric octahedral site, which is the preferential local environment of V3. The
EXAFS analysis shows that the vanadium ion is coordinated by six equivalent V—F/O
bonds with dyv—r0 = 2.01 A and a Debye-Waller factor of 3.33-10-3 A2, All the information
obtained from ICP-OES, SXRD, IR, and XAS at Vanadium K-edge indicate that this
composition contains only V3*, and the exact chemical formula of this phase can thus be

written as NasV15Alos(PO4)2F3, as has been used since the beginning of this section.
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Figure 4.29 : (a) IR spectrum of NaszV15Alos(POa)2F3 recorded in the wavenumber range of 400 - 2250
cm?, (b) Vanadium K-edge XANES spectrum of NazV1sAlgs(PO4)2F3. V3*PO,, LiV4PO,40 and V3*OPO,
are used as references to determine V oxidation state, (c) 2>Na ss-NMR spectrum of NazV15Alos(PO4)2F3
recorded at Bo= 11.7T; vr= 30 kHz, (d) 3'P ss-NMR spectrum of NazV1sAlo5(PO4)2F3 recorded at Bo=
2.35T; vg= 30 kHz. The POy, tetrahedral units are in green while V3*O4F, and AI3*O4F octahedral units
are in red and blue, respectively.

The recorded 2Na MAS NMR spectrum shows the presence of a very broad
resonance at ~100 ppm (Figure 4.29c), indicating a distribution of several Na local
environments. The signal is highly shifted due to the strong Fermi contact between the
unpaired electrons of V3* and the Na nuclei.
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The 3P MAS NMR spectrum recorded on NasV1sAlos(POs)Fs reveals the
presence of five different resonances centered at 6000 ppm, 4500 ppm, 3000 ppm, 1500
ppm and 0 ppm (Figure 4.29d), and this is explained by the distribution of V3* and AP
in the first coordination sphere created by M3* with respect to the phosphorus site. As it
has been discussed in Chapter 111, each phosphorus in this structural framework is
coordinated by four M3* ions in their proximity. In NasV>*15Alo5(PO4)2Fs, V3+ and AP
co-exist, and a random distribution of these ions will lead to the formation of P(OV3")s,
P(OV3")3(0APY), P(OV3)(0APRY,, P(OV3)(OAIR"s; and P(OAP"): local
environments. As AI** does not possess any unpaired electron, there will be no spin
interaction between AI¥* and its neighboring phosphorus nuclei, which is also illustrated
by the spin distribution map obtained by DFT calculations (Figure 4.30a). Furthermore,
the 3P MAS NMR spectrum of NasV3*15Alos(POs)2Fs is very similar to that of
NazV316V*0.4(P0O4)2F2600.4 (Figure 4.30b). This comparison thus reinforces our earlier
studies that there is no spin transfer between V** and its neighboring phosphorus nuclei
in NasV2(PQ4)2F3 structural framework and each V3 in the proximity of one phosphorus
nucleus contributes to a Fermi contact shift of about 1500 ppm thanks to the

delocalization mechanism.

NazV;ytAly5(P0O,),Fs (b)

NA3 Vi e Vpa

6000 4000 2000 0
8 (ppm)

Figure 4.30 : (a) 3D calculated electronic spin map around a phosphorus nucleus when one of its
neighboring V** is substituted by AI**, (b) 3P MAS NMR spectra of NasV2(PO4)2F2600.4 and
Na3V1,5A|0,5(PO4)2F3.

By the use of sol-gel method in acidic media, the solubility of AIF* in
NasV2(POs)2Fs was extended up to NaszVisAlos(POas)2Fs, and the atomic and crystal
structures of this newly obtained phase were carefully characterized by a combination of
SXRD, IR spectroscopy, 2Na and 3P ss-NMR, and XAS at Vanadium K-edge. In this
approach, an acidic media (citric acid) was used during the poly-condensation and
evaporation steps. The solution however contained NaF, which could easily react with H*

to generate the volatile HF species. In this acidic media, the loss of fluorine-containing
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sources in form of HF depends strongly on the reaction conditions, such as the
temperature of the dissolution process, the temperature and the heating rate of the solvent
evaporation step, the temperature and the duration of the gel aging process. Besides these
factors, the HF loss can also be influenced by the ambient conditions. Several attempts
were made to reproduce the synthesis of NasV1sAlos(POa)2Fs and to explore the AI*
solubility at higher content. The as-obtained products were however a mixture of
NASICON phase (NaszV2- Al (PO4)3) with little presence of NazV2.,Al;(POas):F3
composition. This was caused due to an uncontrollable loss of fluorine during the
evaporation process. In order to prevent the fluorine loss, a buffer solution containing
NH3 was used to adjust the solution pH to ~9.2. At this pH value, the fluorine exists in
the solution in form of F~ and this ion cannot be lost during the evaporation process.
Surprisingly, by moving from “sol-gel synthesis in acidic media” to “sol-gel synthesis in
basic media”’, a brand new material family with the general formula
Nas(V4*0),-;Al,(PO4)2F1+; (0 < z < 2) was obtained. The details of the materials synthesis
process as well as the structural and electrochemical characterizations of these phases will

be given in the following section.

IV.4.2. The Nas(V*0),,Al,(PO4);F1+, (0 <z <2) material family

IV.4.2.1. Samples preparation

As was explained above, the AI** solubility in NasV2(PO4)2F3 could be extended
up to NasV3*15Alos(PO4)2Fs through a “sol-gel synthesis approach in acidic media”.
However, several difficulties were encountered during this approach mainly due to the
volatility of fluorine species in acidic media. A modified sol-gel approach was thus
developed in order to tackle this difficulty. The synthesis procedure was similar to the
one described in 1V.4.1.1, except that the NH3 solution (28-30%) was slowly added to the
solution in order to adjust its pH value to ~9.2 once all the initial reactants had been
completely dissolved. Upon the addition of NHs, the solution changed into deep blue, the
color of VO?* ion, as the basic solution lowered the potential value of the VO?*/V3* redox
couple in aqueous media and thus V3* ion can now be quickly oxidized by oxygen in air
to generate VO?*. The solution was slowly evaporated at 80°C under continuous stirring
condition to result in a beige powder. This powder was subjected to a two-step thermal
treatment, first at 350°C during 4h and then at 650°C in 10h under flowing Ar atmosphere.
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The obtained powder after the calcination was bluish green. This method will be later
called as ““sol-gel synthesis in basic media”.

In parallel to the “sol-gel synthesis in basic media”, another synthesis approach
was inspired by the work of Qi et al. [138], in which NaF (Sigma-Aldrich; > 99%),
V(CsH702)s (Sigma-Aldrich; > 97%), AI(NO3)3.9H.0 (Sigma-Aldrich; > 97%), and
NH4H2PO4 (Sigma-Aldrich; > 99.99%) were first dissolved in a closed vessel containing
a mixture of ethanol and acetone. The initial solution was dark red due to the dark color
of V(CsH70>)s. After a few hours under continuous stirring condition, the initial dark red
solution turned gradually into dark green and then deep blue color as V3* ions were
gradually oxidized into VO?* by oxygen in air. After two days, the cap was opened and
the solvent was evaporated at ambient temperature leading to the formation of a grey
powder. This powder was placed into a golden crucible and first annealed at 150°C during
3h to remove all the traces of solvent and then at 300°C during 3h in order to decompose
all the nitrate and ammonium-containing sources. Afterwards, the resulting powder was
finely ground in a mortar, pelletized, and finally calcined at 550°C during 3h under Ar
atmosphere. This method will further be called as “solvent assisted approach” in order to

distinguish it from the other two methods described above.

IV.4.2.2. Phase identification

A comparison of the XRD patterns of the products obtained from the “sol-gel
synthesis in basic media” and from the “solvent assisted synthesis approach” at different

V/Al ratio is given in Figure 4.31.

Sol-gel synthesis in basic media Solvent assisted synthesis approach
| (b)
* Impurities
= V0.5A|1.5
3
©
= Vo.75Al1 25
]
c
3
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Vi 75Alg 25
- v,
M AN
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Figure 4.31 : XRD patterns recorded at Cu K radiation of the products obtained from (a) sol-gel
synthesis method in basic media, and (b) solvent assisted synthesis approach with different \V/Al ratio.
The NVPFO formula indicates Naz(VVO)2(POa).F.
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The main product obtained from both synthesis approaches has a crystal structure
similar to that of the NasV2(POa)2F34-0Oy compositions. Except for NazAl2(POa)2F3, the
main diffraction peaks observed can be indexed using a unit cell described in the P42/mnm
space group and the cell parameters obtained from the Le Bail fit are given in Figure
4.32. The crystal structure of NasAl2(POa)2F3 is described in the P42/mbc space group
with a = b = 12.3841(1) A and ¢ = 10.3949 (1) A and this structural system can be
transformed into the same setting as in the P42/mnm space group through a transformation
matrix as it will be explained later. By the use of IR spectroscopy, XAS at Vanadium K-
edge and 3P MAS NMR, we will later demonstrate that the main products obtained from
both “sol-gel synthesis in basic media” and “solvent assisted synthesis approach” contain
only V** and that the general chemical formula of all the obtained phases will be correctly
written as Nas(V4"0)2-,Al(POa4)2F 1+, (0 < z < 2). At this stage of the study, we have not
identified the oxidation state of vanadium species, and the general chemical formula is
thus simplified as NazV2,Al;(PO4)2(F,0)z with 0 <z < 2.

106 * - Na,Al,(PO,),F,
T, \
10.4- e
= = B a (solvent assisted) L
Q @® c (solvent assisted)
© B l..\_A A a(sol-gel basic media)
- ~<A O c (sol-gel basic media)
] Tl
\.\~\a
884 Nay(VO),(PO,),F T
-
T % T T T T
0.0 0.5 1.0 1.5 2.0
Al content

Figure 4.32 : A comparison of the cell parameters of the phases obtained from the “sol-gel synthesis in
basic media” and from the “solvent assisted synthesis approach” when the Al content in the
NasV2-,Al;(PO4)2(F,0)s substituted phases was varied from 0 to 2.

A linear evolution of the cell parameters was observed for all the main
compositions obtained from “sol-gel synthesis in basic media” and “solvent assisted
synthesis approach” (Figure 4.32). At some common compositions, such as
NazV1.75Al0.25(POa4)2(F,0)s and NazVosAlis(PO4)2(F,0)s, the cell parameters of the
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phases are identical (Figure 4.32). Despite the difference in the nature of the synthesis
approaches, the “sol-gel synthesis in basic media” and ‘“solvent assisted synthesis
approach” both lead to the formation of the same materials family,
NazV2-,Al;(PO.)2(F,0)s with (0 <z < 2). However, each of these mentioned methods has
its own limitations: In “sol-gel synthesis in basic media”, a continuous solid solution was
observed for all the values of 0 <z <2, but all the phases were contaminated by impurities
(Figure 4.32a). Except for Naz(VO)15Alo5(PO4)2F15 and Naz(VO)osAl1s5(PO4)2F25 In
which the main impurity is AIPOa, the rest of the samples contain several impurities
whom we were not able to identify. The presence of these unknown impurities did not
cause much trouble in XRD as the regions containing the impurities’ diffraction peaks
can be excluded in the data analysis process, but it can disturb the signal of the main phase
in the local-probing technique, such as XAS and ss-NMR. On the other hand, pure and
well crystallized phases can be obtained by “solvent assisted synthesis approach” for the
compositions with z > 1 (Figure 4.32b). When z < 1, the obtained product was not well
crystallized as indicated by a broadening of all the diffraction peaks (e.g.
NazV1.75Al025(POs)2(F,0)3). A higher calcination temperature (650°C) was applied on
this composition in order to increase the crystallinity of the sample; unfortunately, it
decomposed at this temperature to give a mixture of NASICON-structured and
Nas(VO)2(POs)2F -structured phases.

In order to obtain a precise description on the atomic local environment as well as
the crystal structure and electrochemical properties of the phase of interest, only well
crystallized compositions with the least presence of impurities will be subjected to further
in-depth characterizations with SXRD, IR spectroscopy, XAS at Vanadium K-edge,
ss-NMR and electrochemistry test, these include NazVosAl1s5(PO4)2(F,0)s from “sol-gel
synthesis in basic media” and the Na3(VO)2-;Al;(PO4)2F1+; (1 <z < 2) series obtained from
“solvent assisted synthesis approach”. Even though Na3zVosAl15(PO4)2(F,0)3 was not
obtained by the same synthesis approach as other samples, we have demonstrated that
both “sol-gel synthesis in basic media” and “solvent assisted synthesis approach” led to
the formation of the same material family, and thus all the structural and electrochemical
information obtained from NasVo.sAl15(PO4)2(F,0)s can be extrapolated to its counterpart

as if it had been obtained by the “solvent assisted synthesis approach” and vice versa.
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IV.4.2.3. Structural characterization using high resolution SXRD

As it was spotted in section 1V.4.2.2., except for the two ending members
Naz(VO)2(POs)2F and NaszAl(POas)oF3, the laboratory XRD patterns of all the
NazV2-Al;(PO4)2(F,0)3 (0 < z < 2) compositions can be indexed in the P42/mnm space
group with a linear evolution of the cell parameters. However, as it was shown in
Chapter 11, NazV2(POs)2Fs- and Naz(VO)2(POs) F-related structures show a subtle
orthorhombic distortion due to the triangular distribution of Na* ions in the (ab) plane
and this distortion can only be detected by the use of high resolution SXRD since the b/a
ratio is usually less than 1.002. Therefore, an investigation of the structure of Nasz(VO)2-
2Al;(PO4)2F1+; (0 < z < 2) by the use of SXRD is highly important as it will help us to
examine (i) whether the subtle orthorhombic distortion exists in these compositions or
not, and (ii) whether there would be a long-range charge ordering due to the co-existence
of V#* and AI** groups in a same phase or nor.

So far the simplified chemical formula Nas(VO)2-,Al;(PO4)2F1+; (0 < z < 2) was
widely used. As it was mentioned above, we will later prove that the actual chemical
formula of all the materials obtained by “sol-gel synthesis in basic media” and “solvent
assisted synthesis approach” is Naz(VO)2,Al;(PO4)2F1+; (0 <z < 2). In this part, whenever
a Rietveld refinement is performed, the actual chemical formula of the corresponding
material will also be given so as to provide a full description on the chemical formula and
the crystal structure of the phase.

IV.4.2.3.1. Nag(V0)22AL(POs)oF 1+ (0 <7 < 2)

A detailed analysis of SXRD data show that all the Naz(VO)2-:Al:(PO4)2F1+;
phases in the compositional range of 0 <z < 2 adopt the same crystal structure and space
group. An in-depth structural characterization by SXRD will be demonstrated for
Nas(VO)1s5Alos5(PO4)2F15 as an example, but the same analysis strategy and results can
be extrapolated for other compositions.

Figure 433 shows the Rietveld refinement performed on
Naz(VO)15Alo5(PO4)2F15 in the P42/mnm space group with a zoom on the (200)/(020)
and (400)/(040) diffraction peaks (Figure 4.33 Inset). The splitting of the (200)/(020) or
(400)/(040) doublets is unobservable and the (200)/(020) and (400)/(040) diffraction

peaks can be fit with a pseudo-Voigt function, and thus exclude the possible presence of
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the subtle orthorhombic distortion. The Na* ions are distributed over two different
crystallographic sites: Nal fully occupied and Na2 half occupied as in Figure 3.4a. The
structural parameters of Nas(VO)15Alo5(PO4)2F1.5 are summarized in Table 4.12.
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Figure 4.33 : Rietveld refinement performed in the P4,/mnm space group on the SXRD data recorded on
the Nag(VO)1,5A|o_5(PO4)2F1,5 pOWdGI’ (7\. =0.6202 A)

Table 4.12 :Structural parameters of Nas(VO)15Alo5(PO4)2F15 obtained from Rietveld refinement of
synchrotron powder diffraction data collected at A = 0.6202 A.

Naz(VO)15Alo5(PO4)2F15

Space group: P4,/mnm; Z =4
a=b=28.9593(1) A, ¢ =105512(1) A
V/iZ =211.7(1) A3
Rbragg = 4.5%, Ry = 9.8%, Rwp = 10.4%

atom Wyckoff Atomic position Occ. o
position x/a y/b zlc
V(1) 8j 0.2495(3) 0.2495(3)  0.1964(1) Y 0.85(6)
Al(1) 8j 0.2495(3) 0.2495(3)  0.1964(1) Ya 0.85(6)
P(1) 4d 0 Y Y, 1 0.8(2)
P(2) 4e 0 0 0.2566(5) 1 0.8(2)
0(1) 16k 0.0957(4) 0.4056(5)  0.1617(4) 1 0.9(2)
0(2) 8j 0.0965(5) 0.0965(5) 0.1677(8) 1 0.9(2)
0O(3) 8j 0.4012(5) 0.4012(5) 0.1597(8) 1 0.9(2)
F(1) 4f 0.2468(6)  0.2468(6) 0 1 0.85(7)
F(2)/0(4) 8j 0.2481(6) 0.2481(6)  0.3531(1) 1 0.51(5)
Na(1) 8i 0.5174(5)  0.2395(6) 0 1 2.0(1)
Na(2) 8i 0.8013(6) 0.0372(9) 0 Y 3.9(3)
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We also performed the Rietveld refinement of the structure of
Naz(VO)15Alo5(PO4)2F15 in the Amam space group, but it did not lead to any
improvement in the quality of the fit and thus the structure of Naz(VO)15Alo5(PO4)2F15
is retained in the P42/mnm space group. We also carefully examined the positions of all
the diffraction peaks, but we did not detect any extra reflections due to the existence of a

supercell or due to the ordering of V4*=0 and AI**-F.

The structure of other Nas(VO)2-zAl(PO4)2F1+; (0 < z < 2) compounds can also be
indexed in the P42/mnm space group and their atomic positions are similar to those
reported in Table 4.12, except the relative occupancy of V**/AI%* site.

Table 4.13 : Cell parameters of Naz(VO),.;Al,(PO4)2F1+; (0.5 <z < 1.75) compositions obtained from
Rietveld refinement in the P4,/mnm space group.

z value Composition Spacegroup  a=b(A) c(A) VIZ (A3
05 Nas(VO)1sAlos(POs)Fis  Pdo/mnm 8.9593(1)  10.5512(1) 211.7(1)
1.0 Nas(VO)AI(PO4)2F- P4,/mnm 8.8889(2)  10.4966(4)  207.33(4)

1.25 Naz(VO)o.75Al1.25(PO4)2F2.25 P4,/mnm 8.8643(2) 10.4740(5) 205.75(5)
150  Nas(VO)osAlys(POs)sFas P4,/mnm 8.8170(2)  10.4395(5)  202.89(4)
1.75 Na3(VO)0A25A|1,75(PO4)2F2,75 P4,/mnm 87845(2) 104087(2) 20080(5)

The cell parameters of the Nas(VO)2.;Al;(PO4)2F1+; (z = 0.5, 1.0, 1.25, 1.50 and
1.75) phases obtained from Rietveld refinement are given in Table 4.13. A continuous
shrinkage in the cell parameters is detected when V** is gradually substituted by AI**
(Figure 4.31) as AI** is slightly smaller than V** (Rys+ = 0.58 A vs. Ry3+ = 0.54 A)
[155].

IV.4.2.3.2 NazAlx(PO4)2F3

We earlier explained that all the diffraction peaks of NasAl2(PO4).F3 cannot be
included in the P42/mnm or Amam space group, but in P42/mbc. This indexation was
based on an earlier study reported by Le Meins et al. [82]. At a temperature greater than
43°C, NazAlx(PO4)2F3 crystallizes in a tetragonal system with the 14/mmm space group
(a-NasAl2(POa4)2F3) and all the Na* ions are distributed on two different crystallographic

sites. Upon cooling down below 43°C, the & — /1 phase transition is observed which is
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due to the redistribution of Na* ions, with eight different crystallographic Na sites in the
S phase [82].

In our study, all the main diffraction peaks can be indexed in the P4>/mbc space
group (S1-NasAl2(PO4)2F3) as proposed by Le Meins et al.; nevertheless, there are several
peaks with lower intensity that cannot be included in this structural indexation, which
could be due to a long-range Na* ordering that can only be detected by SXRD.
Surprisingly, when moving to Rietveld refinement, the use of the fi-NazAlx(POa)2F3
structural model proposed by Le Meins et al. did not result in a satisfying fit, notably the
Na" ions in the diffusion channels were not well localized. We thus relocated all the Na*
positions in the structure by calculating Fourier difference maps with a retention of the
structural framework in the P4,/mbc space group, the charge residues observed on the
Fourier difference maps will indicate the Na* positions. Even with the use of SXRD data,
the localization of Na* is still very complicated as (i) the unit cell of NazAl2(PO4)2F3 is
too big (a = b = 12.3841(1) A and ¢ = 10.3949 (1) A), and (ii) there are so many Na sites
in this structure. We thus propose a new crystal structure for NasAl2(POs)2F3 indexed in
the P42/mbc space group with the presence of eight Na sites (Table 4.14). The proposed
structure is just an average one as the long-range Na‘*—vacancy is still unsolved and the

intensities of several tiny peaks are not well fit (Figure 4.34 Inset).

S.G. P4,/mbc
a=b=12.3814(1) A
c=10.3949(1)A

R, =6.3%; R, = 10.2%
Rpape = 8.18%

0

Intensity (a.u.)

ll Tk IJ A R it e T I, Va———
I’ T v T T T v
5 10 15 20 25
20(°)

Figure 4.34 : Rietveld refinement results of NasAl(POa).F3 by considering the P4,/mbc space group. The
inset focuses on the diffraction lines between 15° - 17°.
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Table 4.14 : Structural parameters of Naz(VO)1.5Alo5(PO4)2F1 5 obtained from Rietveld refinement of
synchrotron powder diffraction data collected at A = 0.6202 A.

NazsAl2(POa4)2F3

Space group: P4,/mbc; Z =8
a=b=12.3814(1) A, ¢ =10.3949(1) A
V/Z =199.2(1) A3
Roragg = 8.18%, R, = 6.3%, Rup = 10.2%

atom Wyckoff Atomic position Occ. .
position x/a y/b zlc

Al(1) 16i Y, 0 0.3221(1) 1 1.0(1)°
P(1) 4b 0 0 Y, 1 1.5(5)
P(2) 4d Y 0 Y, 1 1.0(1)
P(3) 8¢ A A Y 1 1.0(2)
0(1) 16i 0 0.0975(2)  0.1589(2) 1 0.3(1)
0(2) 16i Y 0.0992(2)  0.1582(2) 1 0.3(1)
0(3) 16i Y 0.1500(2)  0.3576(1) 1 0.9(2)
0o(4) 16i Y 0.3449(4)  0.3331(4) 1 0.3(1)
F(1) 8h 0.2431(4) 0.0116(5) Y 1 0.6(2)
F(2) 16i 0.5082(4) 0.7461(5) 0.3582(4) 1 0.6(2)
Na(1) 8h 0.1069(5)  0.4693(5) 0 0.28(2) 2.0(1)
Na(2) 8h 0.1215(3) 0.0885(4) 0 0.40(1) 2.9(3)
Na(3) 8h 0.1981(5) 0.3664(6) 0 0.41(4) 2.0(1)
Na(4) 8h 0.3582(3) 0.1211(4) 0 0.22(1) 2.1(1)
Na(5) 8h 0.3450(5) 0.3833(6) 0 0.48(3) 2.4(2)
Na(6) 8h 0.1353(6)  0.4002(6) 0 0.61(4) 1.2(1)
Na(7) 8h 0.2462(5) 0.1485(6) 0 0.25(3) 1.5(1)
Na(8) 8h 0.1079(6)  0.0626(9) 0 0.31(4) 1.5(1)

NasAl>(POa)2F3 was indexed in the P4>/mbc space group and its unit cell is two
times bigger than those of other Naz(VO)2,Al;(PO4)2F1+; (0 < z < 2) compositions.
Nevertheless, this is caused by a difference in Na* distribution in these phases and the

cell parameters of NazAl2(PO4)2F3 can be converted to the same system as in P42/mnm

0
0
0

by an application of a transformation matrix, T:

Y % 0
Tr=(% —-% 0

0 0 1
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The relationship between the wunit cell of NasAlx(POs)Fs and
Naz(V0)2-:Al;(PO4)2F1+ (0 < z < 2) is illustrated in Figure 4.35. The substitution of
V4=0 groups into NasAlz(PO4)2Fs seems to disrupt the Na* distribution in the initial

phase and results in a smaller unit cell.

Figure 4.35 : The relationship between the cell vectors of NasAlx(PO.)2F3 (black vectors) and those of
Naz(VO)2-2Al(PO4)2F1+; (0 < z < 2) (red vectors).

Even though NazAlx(POs)2F3 and Naz(VO)2.,Al;(PO4)2F1+; (0 < z < 2) are
described in different space groups, they can be converted into the same system thanks to
a transformation matrix, and a linear evolution of the cell parameters was observed for
the whole composition range Naz(VO)2-:Al;(PO4)2F1+, (0 <z <2). The Na* ions orderings
in Naz(VO)2(PO4)2F, NazAlx(PO4)2F3 and Naz(VO)2-,Al(POs)2F1+; (0 < z < 2) are
different, but it does not prevent the formation of a solid solution.

IV.4.2.4. Vanadium oxidation state and chemical formula determination

All the obtained materials, except NazAl>(POas)2F3, were bluish green, which is
identical to the color of Naz(VO)2(POs)2F (Figure 2.9). The AI** ion does not possess
any electrons in the d orbitals, and thus it does not absorb any photons in the visible
region. On the other hand, the presence of V3* ions in this structure will lead to a dark
color (Figure 2.9). Combining these two observations, we suspect that these phases

contain V4 and AI®*,
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Figure 4.36 : Vanadium K-edge XANES spectra recorded on NazV15Alg5(POa)2(F,0)s,
N33V1A|1(PO4)2(F,O)3 and Na3V0,5AI1,5(PO4)2(F,O)3 as compared to those of VPO,, LiVOPO, and
VOPOQ, references.

T
5470

Vanadium K-edge XANES spectra recorded on NazVisAlos(POas)2(F,0)s,
NazV1Al1(PO4)2(F,0)s and NasVosAlis(POs)2(F,0)s reveal that the edge energy of
vanadium species in these compositions coincides with the edge energy of V** as in the
LiV4*OPOy4 reference, thus supporting the presence of V#*. Furthermore, the pre-edge
signal of all the recorded spectra are really intense, which is in agreement with the
distorted local environment of V** ions due to the formation of vanadyl bonds (Figure
4.36).

(b) 3P MAS NMR

P(OV#), and P(OAI*),

N

Overtone Vy-o

Intensity (a.u.)
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* Spinning sidebands * *
v PO n pinning si
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Figure 4.37 : (a) IR spectrum recorded on NasV15Alos(PO4)2(F,0)s and (b) 3P MAS NMR spectrum
recorded on NasV15Alos(PO4)2(F,0)s at Bo= 2.35T; vr= 30 kHz. The asterisks (*) indicate the rotational
spinning sidebands.

The presence of vanadyl bonds can be detected directly by IR spectroscopy.
Figure 4.37a shows the IR spectrum recorded on the NaszVisAlos(POas)2(F,0)s
composition. An intense signal at 921 cm™ with its second order harmonic at 1852 cm*
are the clear evidences for the existence of V4*=0 vanadyl bonds. Even though vanadium
K-edge XANES spectrum and IR data support the presence of V** in form of vanadyl
V#4=0 groups, they do not exclude the possible presence of V3" traces.
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The whole Chapter 111 was dedicated to an investigation of V3*/V** electronic
structure in NasV2(POa)2Fs-related structural frameworks and their influence on the spin
transfer mechanism between V3*/V** ions and their neighboring phosphorus nuclei. We
have learnt that the presence of one V3* ion in the proximity of phosphorus atom will
contribute to a Fermi contact shift of 1500 ppm on the 3P MAS NMR whereas V** does
not induce any Fermi contact shift with its surrounding phosphorus nuclei. If the
NasV15Al05(PO4)2(F,0)s composition contained any V3" traces, there would be several
paramagnetic resonances on the 3P MAS NMR spectrum. The 3P MAS NMR spectrum
recorded on this composition reveals the extinction of all the paramagnetic resonances
(Figure 4.37b) and thus indicates a total absence of V3" ions. The EXAFS data recorded

for this material can be fit with a single vanadium octahedral environment F-V4*04=0,
in which dv_o = 2.00 A x 4, dv.r = 2.00 A, dv-0 = 1.62 A and oo = 6.7-10° A2

Even though XAS at Al K-edge was not performed, AI** local environment can
be determined easily. As Al exhibits only one stable oxidation state (+3) and it does not
have any tendency to form highly covalent bond, the chemical bond AI**=0 does not
exist, the only possible AI®* local environment in this structure is F-AIP*OsF.
Furthermore, the ICP-OES analysis performed on NasV1sAlos(PO4)2(F,0)s shows a
relative Na/V/AI/P ratio of 3/1.5/0.5/2. Combining all the analyses obtained from ICP-
OES, IR spectroscopy, XAS at vanadium K-edge, 3P MAS NMR and the charge
compensation effect, the actual chemical formula of NasV1s5Alos(PO4)2(F,0)s will be
written as Nas(V*"0)1.5Alo5(PO4)2F15 or NazV**15Alo.5(PO4)2F1.5015. The formation of
this AI** substituted composition can be understood as follows: starting from the parental
compound, Naz(VO)2(PO4)2F, once the V#* ion is substituted by AI**, the oxygen atom
engaged in the vanadyl bond with this V** ion will be simultaneously replaced by fluorine
in order to maintain the charge neutrality in the whole material, which leads to a double

cationic-anionic substitution effect.

The determination of vanadium oxidation state and the deduction of the exact
chemical formula for Nas(V**O)1.5Al0.5(PO4)2F1.5 were done in a meticulous way in order
to understand the nature of the ionic substitution. The same process was also applied to
other compositions and we have discovered that all of them contained AI** and V** in
form of V#*=0. The general formula of this materials family is thus written as
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Nas(VO)2:Al;(PO4)2F1+; (0 <z < 2). This is an exciting discovery in the field of solid-
state chemistry in which the double cationic-anionic can occur simultaneously and the

resulted compositions form a continuous solid-solution.

IV.4.25. Solid-state NMR characterization

NaszAl2(POa4)2F3 is an attractive Na* ionic conductor whose crystal structure is
similar to that of NazV2(POa)2F3 or Na3(VO)2(POs)2F, except for the Na* distribution in
the diffusion channels [82,215]. Furthermore, NasAl2(POs)2F3 can exist in form of two
different polymorphs: a-NazAlx(PO4)2F3z (at the temperature greater than 43°C) and
Sr-NazAlz(POs)2F3 (below 43°C). In a-NazAl(POas)2F3 there are two different Na
crystallographic sites while there are eight Na sites in Si-NasAl2(POs)2Fs [82]. This is a
very interesting point in terms of solid-state chemistry and ss-NMR, as we would like to
know whether it is possible to detect all the eight Na sites in fi-NazAlx(POs)2F3 by the
use of 2Na ss-NMR or not, and whether it is possible to distinguish o and pi-
NazAl2(PO4)2Fs3 just by the use of 2Na ss-NMR.

It has been shown earlier that NasAl2(POs)2Fs and Naz(VO)2(POs)2F form a
continuous solid-solution with the general formula Nas(V*#*0)2-,Al(PO4)2F14, (0 <2 < 2),
in which a continuous evolution in the cell parameters was observed over the whole
compositional range. In this case, ss-NMR spectroscopy is a powerful technique that will
help us to follow the change in Na and P local environments when V#*=0 groups in
Nas(VO)2(POa)2F are gradually substituted by AI**—F.

IV.4.2.5.1. Variable temperature 2Na and ?’Al ss-NMR of NazAlz(PO4)2Fs.

The Na NMR spectrum of NasAlx(PO4)2Fs recorded at 47°C shows one
diamagnetic resonance at 6= -25 ppm. Even though there are two different Na sites in o-
NazAl2(PO4)2F3, the Na* ions seem to have high mobility at this temperature and they can
hop rapidly from one site to the other site, thus only one average resonance can be
detected. At -13°C, the 2*Na resonance is very broad and the typical quadrupolar form of
the signal is no longer observed. Even though XRD data shows the existence of eight
different Na sites, the local environment and the chemical shift values of these Na sites
are so close that they cannot be resolved in NMR spectroscopy (Figure 4.38a).

178

——
| —



Chapter IV - Cationic Substitution in NazV2(POa4)2Fs — Naz(VO)2(POa).F

(a) 23Na NMR (b) 27Al NMR
13°C -13°C
a7°c a7°C
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Figure 4.38 : (a) *Na MAS NMR spectra of NazAly(PO)2F3 recorded at Bo = 11.7T with vg = 30 kHz at
-13°C and at 47°C, (b) 2’Al MAS NMR spectra of NazAly(PO,),F3 recorded at Bo = 11.7T with vg = 30
kHz at -13°C and at 47°C.

In NasAl>(PO4)2F3, the 2’Al resonance is diamagnetic and its line shape indicates
a strong first-order quadrupolar coupling, which is characteristic for Al nucleus (I = 5/2),
with a Cq value equals to 0 as the Al sites in the structure are ‘quasi’-symmetric (Figure
4.38b). The tiny resonance observed at 15 ppm could be due to the presence of a
negligible amount of impurity. The 2’ Al MAS NMR spectra at low and high temperatures

are identical proving that there is no change in Al local environment (Figure 4.38b).

1V.4.2.5.2. NMR study of Nas(VO),-;Al,(PO4)2F1+; solid solution

The 2Na MAS NMR spectra recorded on the Naz(VO)2-zAl;(POs)2F1+, (0 <z < 2)
compositions are given in Figure 4.39a. As discussed above, the 2Na NMR spectrum of
NasAl2(POa4)2F3 shows one quadrupole signal despite the presence of eight different
crystallographic Na sites at ambient temperature (Figure 4.38a). In
Nas(VO)o.25Al1.75(PO4)2F275, the quadrupolar coupling on Na nuclei can still be
observed; however, this interaction is no longer obvious in Naz(VO)osAl15(PO4)2F25 and
it is now dominated by the Fermi contact between the electron spin of V#4* and 2>Na nuclei.
The 2°Na resonances in Naz(VO)osAlis(PO4).F25 are rather broad with several
contributions suggesting the presence of several Na local environments or Na*—vacancy
orderings in the diffusion channels. All the *Na resonances in Nas(VO)osAl15(PO4)2F25
are shifted to the positive values due to the Fermi contact between the unpaired electron
of V*" and the 2®Na nuclei. The more V** ions present in the structure, the Fermi contact
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is stronger and the *Na resonances are shifted toward the positive direction. The 2Na
NMR shift reaches its maximum value when all the AI¥* ions in the structure are replaced
by V** as in Nas(V**0)2(POa)2F (Figure 4.39a).

(a) 2Na NMR (b) 31p NMR
A, J . I
(VO)o.25Al4 75 = 7\ ’ \
———— A WVOlaAhas
(VO)O.SA'LS e -

Wt N\ ok,
von, |\ M

200 100 0 -100 80 40 0 -40 -80
5 (ppm) 3 (ppm)

Figure 4.39 : (a) 22Na MAS NMR spectra of Nas(V0)2Al,(POs)2F1+, (0 <z <2) recorded at Bo=11.7 T
with vg = 30 kHz, (b) 3P MAS NMR spectra of Nas(VO)2,Al(POs)sF1+ (0 < z < 2) recorded at By =
2.35 T with vg = 30 kHz.

The 3'P MAS NMR spectrum of NasAlz(PO4)2F3 shows the presence of a narrow
resonance at = -10 ppm corresponding to the unique P(OAI**—F)4 local environment in
this composition. When AI¥* and V** co-exist in the same structure, more phosphorus
local environments, such as P(OAP*—F)3(OV*#=0), P(OAIF*—F),(OV*'=0),,
P(OAPR*—F)(OV*#=0); and P(OV*'=0)4 are generated. The co-existence of these five
phosphorus local environments broadens the *'P NMR resonances recorded on Naz(VO)s-
Al (PO4)2F14 (0 < 7 < 2) phases (Figure 4.39b). In Naz(VO)15Alos(POs)2F15, the 3P
NMR signal ranging from -40 ppm to 40 ppm is very broad. This could be due to the
presence of different domains in the particle where one is AlI**-rich while the other is V4*-
rich, and thus leading to the preferential formation of P(OAI**—F)4 and P(OV*"=0)4 local
environments, respectively. In Nas(VO)2(POa)2F, two 3P NMR resonances are observed
at 92 ppm, which corresponds to two different phosphorus crystallographic sites.
Therefore, V** ions with the formal charge +4 tend to induce a higher shift on the 3!P

signals than the neighboring AI** ions.
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IV.4.3. Electrochemistry of Al®* substituted phases

As was shown above, AI** can be substituted into NasV3*2(POs).Fs to form
NasV3*2.,Al(PO4)2F3 (0 <z < 0.5) or it can be also substituted into Naz(V4*0)2(PO4)2F to
form Naz(V**0)2-,Al(PO4)2F1+; (0 < 2 < 2). It would be interesting to know how the AI%*-
substituent can affect the electrochemical properties of V3" and V* in
NasV3*2.,Al(PO4)2F3 and Naz(V*4*0)2-,Al,(POa4)2F1+,, respectively. Figure 4.40 compares
the charge/discharge signatures of NasV3*15Alos(POs)2Fs, Nas(V**0)15Al05(POs)2F15
and those obtained for the carbon-coated NazV3*2(PO4)2F3 and Naz(V**0)2(POa)2F.

1.0 1.5 2.0 2.5 3.0 3.4 3.6 3.8 4.0 4.2
i 13,64V
| — 7 ‘ 4.04v
W N 0 VAT e
3.5 } Nay(VO),(PO,),F Te— 3.57v | 3.61V 4.00v
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Figure 4.40 : (Left) Electrochemical charge/discharge curves of NasV1s5Algs(PO4)2F3 and
Nas(VO)15Alo5(PO4)2F15 in sodium half-cells at the cycling rate of C/10 per Na* ion as compared to
those obtained for the carbon-coated NasV2(PO4)2F3 and Nas(VO)2(PO.)2F, (Right) The first derivatives
of the corresponding electrochemical curves.

In NasV3*2(POa)2Fs and Nas(V4*0)2(POa)2F, two Na* ions can be reversibly
extracted/reinserted in the potential range of 2.5 - 4.3 V vs. Na*/Na whereas in the same
cycling conditions only 1.5 Na* ions can be extracted from NasV3*15Alo5(PO4)2F3 and
Nas(V*#*0)15Alo5(PO4)2F15 (Figure 4.40). A higher cutoff voltage, e.g. 5.0 V vs. Na*/Na
was also applied on these two AI** substituted phases, but the charge curve just went up
steeply without any evidence of extra Na* extraction at the high-voltage region. For the
two families of materials NasV3*2,Al,(POs)2Fs and Naz(V**0)2-,Al,(PO4)2F1+2, the
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number of Na* ions that can participate in the reversible electrochemical reaction is only
(2-2).

In NazV3*2(PO4)2Fs, the desodiation occurs through a series of biphasic reaction
as indicated by the presence of two “composition-voltage” plateau together with a gradual
oxidation of V3*—F into V**—F (Chapter 11). For NasV>*1 5Alo5(PO4)2Fs3, the charge curve
is characterized by two sloping curves at average potentials of 3.70 V and 4.27 V vs.
Na*/Na, which correspond to the extraction of 1 and 0.5 Na* ions, respectively (Figure
4.40). The sloping nature of the voltage-composition profile and the “broad peaks”
observed on the first derivative curve indicate that desodiation from
NasV3*15Alo5(PO4)2F3 occurs through a solid-solution mechanism without the formation
of Na*—vacancy ordering. The random distribution of AI** over V3* sites could be the
reason for the disappearance of the charge ordering during cycling. The positions of the
signatures observed in the first derivative curves of NasgV3*2(PO4).Fs and
NasV3"15Alo5(POs)2Fs  are identical, meaning that the Na® extraction from
NasV3*15Al05(PO4)2Fs3 also occurs through the oxidation of V**—F to V#*—F. In a recent
theoretical study, it was predicted that the presence of a foreign ion in the framework of
NasV3*2(PO4).F3 can trigger a local structural distortion, and thus disrupt the formation
of Na*—vacancy ordering during charge and promote the activation of the V>*—F/V**—F
at the high voltage region, hence more Na* ions can be extracted from the materials [119].
In NasV3*15Alo5(PO4)2Fs, no formation of Na*—vacancy ordering was detected during
charge but no extra capacity or the activation of V°*—F/V**—F redox couple was observed

in the high-voltage range.

The electrochemical signature of Nas(V**0)15Alo5(PO4)2F15 is characterized by
two “sloping curves” corresponding to the reversible extraction of ~1 Na* and 0.5 Na*
ions at average potentials of ~3.66 and 4.05 V vs. Na*/Na respectively. Compared to
Nas(V4*0)2(PO4)2F, the Na' extraction voltage in Naz(V**0)15Alo5(PO4)2F15 is not
affected by the presence of AI¥* ion, and the Na* extraction in this case also occur through
the activation of the {V°>*=0}**/{V**=0}?* redox couple

In the two cases, NasV3*15Alo5(PO4)2F3 and Nas(V**0)15Alo5(POs)2F1s, the

electrochemical profile of the AI** substituted phases is very sloping and the peaks on its
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derivative curve are highly broadened indicating that the Na* desodiation occurs through
a solid solution mechanism, which was also confirmed by operando SXRD experiment.
The AIP* substitution in both cases prevents the charge ordering upon cycling. On the
other hand, the substitution does not have any effect on the Na* extraction voltages. Even
though AI** ions are randomly distributed over all the M3* sites in the structure, it seems
that the presence of AI** does not induce a great influence on the crystal field of the V3*
or V** ion opposite to it in the same bioctahedral unit.

1VV.5. Conclusions

The ionic exchange between Na and Ag within the structural framework of the
electrode material NasV2(PO4)2F3 was investigated in details in this study. The exchange
proceeds close to completion in roughly 30 hours if the submicron particle size was used.
On the other hand, the ion exchange into the microcrystalline NazV2(POa)2F3s cannot be
finished even after 60 hours due to kinetic limitations. Although the XRD and NPD
patterns look significantly different after the exchange because of the high atomic weight
of silver compared to sodium, the Rietveld refinement shows that all the silver-exchanged
compounds adopt the same structure as NasV2(POs)2F3 with a subtle orthorhombic
distortion, and this distortion is more pronounced in the phases with higher Ag* content.
This observation supports the fact that the framework of NasV2(POa)2Fs is capable of
exhibiting high ionic conductivity and can support the presence of different monovalent
ions. Finally, the Ag27V2(POs):Fs obtained by Ag*/Na* ion exchange into
microcrystalline NasV2(POas)2F3 undergoes an order-disorder transition upon heating,
which transforms the symmetry from orthorhombic to tetragonal as a consequence of Ag*
disordering. This transition occurs close to 600 K while a similar one in NazV2(PO4)2F3
occurs at 400 K, showing that Ag is less prone to disordering than sodium within this
framework. AgsV2(POa)2F3 is possibly a new polyanionic framework capable of Ag*
ionic conduction, which could be used as a positive electrode material in rechargeable or

primary silver-based batteries.
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Nas(VO)Fe(POa)2F2 was obtained by an original sol-gel method and the structure
of this newly obtained phase was described in the P4,/mnm space group. Only one Na*
can be reversibly extracted in the potential range of 2.5 - 4.3 V vs. Na*/Na, which
corresponds to the oxidation of all V** jons into V®*. Limited polarization value and good
capacity retention was observed upon cycling, even if the reversible capacity decreased
as the Fe*/Fe®" redox couple could not be activated. On the contrary, extra 0.5 Na* could
be reversibly inserted into the structure by activating the Fe**/Fe?* redox couple, but at
very low voltage (~ 1.5 V vs. Na*/Na). Operando synchrotron X-ray powder diffraction
revealed there was no formation of Na*-vacancy ordering during charge (i.e. Na*
deintercalation), which was contrary to what had been observed for NaszV2(POa)2F3 and
Na3(VO)2(POs)2F. Their suppression would lower the Na*-defect formation energy, and
hence increase the Na* ionic conductivity in the diffusion channels, and could explain the
low polarization value observed for this material when used at the positive electrode in a
sodium cell. Fe** could be a promising substituent or dopant that needs to be extensively
studied in order to enhance the electrochemical performance of NasV2(POa)2Fs,
Naz(VO)2(POs)2F and similar phases.
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Figure 4.41 : Comparisons of cell parameters between NazV2,Al;(PO4)2F3 (0 <z <0.5) and
Nag(VO)z.zA|z(PO4)2F1+z (0 <z< 2).

Two  different  Al-substituted  materials,  NasV2;Al,(PO4)2Fs  and
Nas(VO)2-Al(PO4)2F1+;, were obtained by the use of several synthesis approaches. In
the case of NasV2,Al;(POa)2F3, the solid solution was limited to z = 0.3 by solid-state
reaction, however the solubility of AI¥* in NasV2(POa)2F3 can be extended up to , = 0.5
by the use of sol-gel reaction in acidic media. All the obtained NazV2.,Al;(PO4)2F3 (0 <z
< 0.5) phases were indexed in the Amam space group with a subtle orthorhombic
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distortion. By altering the acidic media into basic media or by the use of a solvent assisted
method, Naz(VO)2-Al(PO4)2F1+, (0 < z <2) compositions with the presence of V** in the
structure were achieved (Figure 4.41). The use of an acidic environment seems to reserve
vanadium ions in the V** oxidation state while V3* ions in a basic media or organic
environment tends to be quickly oxidized to V#* by oxygen in the atmosphere, which
results in the formation of Naz(VO)2-;Al(POs)2F1+:. In these newly obtained phases,
NazAl2(POa4)2Fs formed unlimited solid solution with Naz(VO)2(PQa)2F. This is one of
the rare example in solid-state chemistry where both cationic and anionic substitutions
occur simultaneously. The orthorhombic distortion was completely suppressed in these
phases and their structure can be indexed in the P42/mnm space group. At the atomic level
the V** ions in Nas(VO)2-Al.(POs)2F1+, are characterized by the presence of a short
vanadyl bond (1.62 A) on the terminal position while the vanadium ions in NasV2-
Al;(PO4)2F3 are in the +3 oxidation state and their local environments are completely
symmetric with six equivalent V—F/O bonds (Figure 4.41). As the terminal V**—F bond
is longer than the terminal VV4*=0 bond and the ionic radius of V3* is slightly bigger than
V4 hence at the same AI®* content, such as NasV®1s5Alos(POs)2F3 vs.
Nas(V*#*0)15Alo5(POs)2F15, the cell parameters of the NasV2--Al(PO4)2Fs composition
are slightly bigger than its Nas(VO)2-Al(PO4)2F1+; counterpart (Figure 4.41).
Furthermore, these two AI®* substituted series have a common composition at
NasAl2(POa4)2Fs3 (z = 2), we thus expect that a linear extrapolation of the cell parameters

of these families will have a convergence at z =2 (Figure 4.41).

In terms of electrochemistry, the presence of AI** seems to decrease the reversible
capacity and increase the polarization of the material upon cycling. Furthermore, the
V4 V3 redox couple in NasV2--Al,(PO4)2F3 and the {V°>*=0}*/{V*=0}** redox couple
in Nas(VO)2-Al(PO4)2F1+, are unlikely to be affected by the AI** substitution. The long
distance between two metal sites in the same bioctahedral unit (~ 4.2 A) and the closed-
shell electronic structure of AI®* seems to prevent it from having any significant
interaction with its opposite transition-metal site. Combining these observations, it seems
that AI®* substitution would be detrimental to the electrochemical performance of
NasV2(PO4)2F3 and Naz(VO)2(POa4)2F, nonetheless the experience in layered oxides has
shown that AI** substitution is required to improve the stability of the structure. First of
all, APP* has a closed-shell electronic structure whose electrons are highly localized in its

proximity, and hence the AI**~O bonds are highly ionic, which prevents the formation of
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oxygen, especially at the high-voltage region. Secondly, the presence of a small amount
of AI** in layered oxide materials such as Li[Nio.sC00.15Alo.05]02 (NCA) has improved
significantly the thermal runaway temperature - the temperature at which the released
heat is accelerated and can lead to cell explosion. In NasV2(POs)2F: and
Nas(VO)2(POa)2F, the desodiation and sodiation processes occur through many bi-phasic
reactions with the presence of many ‘composition-voltage’ plateaus on the
electrochemical profile and these processes are accompanied by a great amount of heat
dissipation. Upon AI®* substitution, these ‘composition-voltage’ plateaus are suppressed
and the electrochemical reactions occur through solid-solution mechanism with less heat
release during the electrochemical cycling. Furthermore, the electrochemical profile has
an ‘S-shape’ which is desirable for the design of ‘Battery Management System’ (BMS),

a system controlling the operation of the batteries in the multiple-cell design.

Last but not least, the discovery of AI** and Fe3* substitution in NazV2(PO4)2F3
and/or Naz(VO)2(PO4).F may open the door to the development of a new generation of
polyanionic material for SIBs with the general formula Nas(V,Al,Fe)2(POa)2(F,0)s where
the optimized content of AI®* and Fe3* will help to improve the stability and the Na*

diffusivity in the materials.
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In this Ph.D work, several derivatives from NazV2(PO4)2F3 and Naz(VO)2(PO4)2F
were obtained through different synthesis approaches, such as solid-state reaction and sol-
gel methods in different pH media, and the crystal structure of these phases were
determined by high resolution synchrotron XRD. These derivatives can be classified into
three groups: (i) cationic substitution, (ii) anionic substitution, (iii) cationic and anionic

substitutions, and the structural relationship between are summarized in Figure 5.1.

The pristine material, NasV2(POas)2F3, crystallizes in the Amam space group with
a subtle orthorhombic distortion and the Na* ions are distributed over three different
crystallographic sites in a triangular arrangement. Upon oxygen substitution, the oxygen
and fluorine atoms are randomly distributed over the terminal positions. This random
anionic distribution influences significantly the Na® arrangement in the diffusion
channels: The charge residue corresponding to the presence of Na* calculated by
difference Fourier transformation map is more diffuse and the Na* ions are supposed to
be distributed over four different Na* sites for the NasV3*2.,-V*y:(PO4)2F3.,Oy phases
with 0 <y’ < 2, and this disordered distribution of Na* in oxygen-substituted phases
seemed to minimize the orthorhombic distortion of the unit cell. In Na3(VO)2(POa)2F, all
the terminal fluorine atoms are substituted by oxygen and a complex Na'-vacancy
ordering was observed. A monoclinic cell with the presence of a modulated vector was
required to describe the absolute structure of Naz(VO)2(PO4)2F.

NagV*,,V¥,(PO,),F3,0
NayV(POF, bl ababn. Nay(V¥“OL(POF

(Amam) F-/02 substitution ; (P2,/m)

Anionic
substitution

Na;(V40),,AP*,(PO,),F,
(0szs2)
ABIV# and F/0? substitutions

Cationic O Na*/Agt
substitution © v*/ar e

Cationic and
anionic
substitutions

Ag:V¥*o(POg)oFs Na,V*Fe*(PO,),F,0
NagV3,, A1 (PO,),F; (z < 0.5)

NazAl**,(PO,),F; P

Na,Fe,(PO,),F; «

Figure 5.1 : Structural relationship between NasV2(PO4)2Fs3, Naz(VO)2(PO4).F and their derivatives.
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The Na* ions in NasV2(POa)2Fs are relatively mobile and they can be replaced by
Li*, K* or Ag® leading to the formation of LisV2(PO4)2F3, K3V2(POs)2Fs and
Ag3V2(POs)2Fs3, respectively. These new materials adopt the same structure as similar to
that of NasV2(POa4)2F3 with a subtle orthorhombic distortion, nonetheless this distortion
is more pronounced in AgzV2(PO4)2F3 than in other homologues. This observation proved
that the arrangement of monovalent ions in the diffusion channels is the origin of the
orthorhombic distortion.

The V3" ion in NasV2(POa)2F3 can be replaced by Cré*, AP, Fe®" and Ga®" leading
to the formation of NasCra(POas)2F3, NasAlx(POs)2F3, NasFex(POs)2Fs  and
NasGaz(POs)2Fs3, respectively. The structural framework of these phases were constructed
by the interconnection between M>OgF3 bioctahedra and PO4 groups, but their structures
at ambient temperature were indexed in different space groups due to a difference in the
Na* distribution. In this study, a solid solution between NaszV2(POas).F; and
NasAl2(PO4)2F3 was discovered and the solubility of AI** in NazV2(POas)2Fs was limited
to z = 0.5 (Figure 5.1), and all these Al¥*-substituted NasV2-Al;(PO4)2Fs presented a

subtle orthorhombic distortion.

Cationic and anionic substitutions can occur simultaneously on the crystal
structure of Naz(VO)2(PO4)2F, and this lead to the formation of two different kinds of
materials Naz(VO)Fe(PO4)2F2 and Nag(VO)2-2Al(POs)2F 1+, (0 <z <2). In the case of Fe**
substitution, only one composition was achieved whereas a full-range solid solution was
obtained for AI®*. These are the rare examples in the field of solid-state chemistry where
a double cationic-anionic substitution can occur at the same time. The orthorhombic
distortion was completely suppressed in these phases and their structures were indexed in
a tetragonal cell. The random distribution of the anion and cation in this case seemed to
be the reason for the suppression of the orthorhombic distortion.

In terms of electrochemistry, two Na* ions can be extracted and reinserted
reversibly for all the NasV**2y-V**,:(PO4)2F3.,Oy (0 <y’ < 2) phases. Among them,
NasV2(PO4)2Fs had the highest Na* extraction voltage. Upon oxygen substitution, the
vanadyl bond was formed together with a shift of the Na*™ extraction voltage to a lower
value. The Na" extraction from NasV2(POs)zF3 and Nas(VO)2(POa)2F occurred through

bi-phasic mechanism with the formation of several intermediate phases. In the oxygen-
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substituted compositions, the voltage evolved continuously upon charge with no
formation of any Na*-vacancy ordering. The random distribution of oxygen and fluorine
on the terminal positions could be the main reason for the disruption of Na*-vacancy
ordering in the diffusion channels. When going to the high-voltage region, an irreversible
structural modification was observed for NasV2(POs)2Fz while all the other phases were
completely stable even though the same floating time were applied for all the
compositions. Therefore, the presence of the vanadyl bond could be considered as a

crucial factor to the stabilize these structural frameworks.
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Figure 5.2 : Comparing the electrochemical properties of different Nas(V,M)2(PO.)2(F,0)s phases.

In NasV2-Al(PO4)2F3 (0 < z < 0.5), only the V¥/V3* redox couple could be
activated while the electroactivity of {V5'=0}3*/{Vv*=0}?>* was detected for
Nas(VO)Fe(POa)2F2 and Naz(VO)2-,Al;(PO4)2F1+, (0 <z < 2). The redox potential of the
VAV and {V>=0F"/{Vv*=0}*" couples appeared to be unlikely affected by the
presence of the foreign ions, such as AI** or Fe**. The long distance between two metal
sites in the same bioctahedra (~ 4.2 A) might prevent a foreign metal ion from having
significant influence on the electronic structure of the opposite vanadium site. In all these
compositions, the Na* extraction occurred through solid solution mechanism and the

random distribution of the anion and cations in these cases could even prevent the charge
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ordering upon cycling. The presence of Fe*" seemed to enhance the Na* diffusivity while
the AIP* substitution might increase the ionicity of its chemical bonds and thus enhance
the stability of the structure. Combining these effects, one might expect the existence of
the Nas(V,Al,Fe)2(PO4)2(F,0)s composition with an optimized content of AI** and Fe®*
that might result in a superior electrochemical performance than that of NasV2(PO4)2F3
or Naz(VO)2(POa)2F.
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Résumé:

Les batteries Na-ion se développent comme une nouvelle alternative aux batteries Li-ion. Parmi le grand nombre de
matériaux déja étudiés a 1’électrode positive, NasV2(PO.).F3 et Naz(VO)2(POa),.F sont les plus performants gréace a
des capacités théoriques élevées, des potentiels d’extraction des ions Na* élevés, et la stabilité de la structure lors de
cyclages longues durées. De plus, la structure et les propriétés électrochimiques des matériaux NazV2(POa).F3 et
Nas(VO)2(PO4).F peuvent étre modulées par un effet de substitution cationique ou anionique. Ce travail de thése a
pour but d’explorer la cristallochimie de nouveaux matériaux dérivés de NasV2(POas)2F3 et Naz(VO)2(POs)2F. Dans
un premier temps, différents modes de synthése (voies tout solide, céramique assistée par sol-gel, et broyage
mécanique) sont explorées pour réaliser des substitutions cationiques et anioniques. La structure tridimensionnelle a
longue distance de ces matériaux est déterminée par diffraction des rayons X synchrotron, tandis que les
environnements locaux sont ensuite décrits finement en combinant des techniques de spectroscopies (résonance
magnétique nucléaire a 1’état solide, absorption des rayons X, et infra-rouge) dont I’interprétation est appuyée par
des calculs théoriques. Les diagrammes de phases et les processus d’oxydoréduction impliqués lors des réactions de
dés-intercalation et de ré-intercalation des ions Na* de la structure hote sont étudiés pour chacune des compositions,
operando (cad. lors du fonctionnement de la batterie) en diffraction et absorption des rayons X synchrotron. Une
compréhension des mécanismes structuraux et redox impliqués au cours du cyclage permet d’identifier les limitations
de ces phases et de nous guider pour proposer des nouveaux matériaux dérivés présentant de meilleures performances.

Mots clés: Batteries Na-ion, Matériaux polyanioniques, Diffraction des rayons X, RMN de 1I’état solide, Calculs
DFT, Absorption des rayons X synchrotron.

Abstract:

Na-ion batteries are currently developed as a future alternative to the conventional Li-ion batteries. Among all the
polyanion materials studied as positive electrodes for Na-ion batteries, NazV2(PO4)2F3 and Naz(VO)2(PO4).F are the
two promising compositions thanks to their high theoretical capacity, high Na*-extraction voltage, and especially the
high stability of their structural framework upon long-term cycling. Furthermore, the crystal structure and the
electrochemical properties of these materials can be greatly modulated through an effect of cationic or anionic
substitution. This PhD work aims at exploring the diversity in crystal chemistry of NasV2(POa)2F3, Naz(VO)2(POs).F
and their derivatives obtained through different synthesis methods. The three-dimensional long range crystal structure
of these phases is determined by the use of high resolution synchrotron X-ray powder diffraction whereas their local
atomic and electronic structures are investigated through a combination of solid-state nuclear magnetic resonance
supported by first-principles theoretical calculations, synchrotron X-ray absorption spectroscopy and infrared
spectroscopy. Thereafter, the phase diagram and the redox processes involved in the Na* deintercalation and
intercalation are established thanks to operando synchrotron X-ray diffraction and absorption. An in-depth
understanding on the crystal structure as well as the involved redox couples for each composition helps us to
determine the limitations of these vanadium fluorinated oxy-phosphates and sheds light to the development of new
materials with better performance based on their structure.

Keywords: Na-ion batteries, Polyanion materials, Synchrotron X-ray diffraction, Solid-state NMR, DFT
calculations, Synchrotron X-ray absorption.
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