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de la thèse 1. Etat de l'art Les batteries lithium-ion sont largement utilisées comme source d'énergie pour les appareils électroniques portables. Récemment, beaucoup d'efforts ont été faits pour promouvoir leur application dans les véhicules électriques hybrides et les systèmes dispersés de stockage d'énergie, qui requièrent faible poids, petit volume, densité d'énergie élevée et sécurité d'usage (Figure 1). 1,2,3 Figure 1 Comparaison de différents systèmes en fonction de leur densité d'énergie volumique et massique.

En tant que matériau d'anode prometteur pour les batteries lithium-ion, les oxydes de métaux de transition présentent de nombreux avantages par rapport au graphite actuellement utilisé, tels que très grande capacité, large disponibilité, bonne stabilité, et respect de

l'environnement. Cependant, certains obstacles empêchent l'utilisation de ces matériaux, à savoir une faible conductivité électronique/ionique, de grandes variations de volume, de faibles performance en cyclage et un rendement faradique faible dans le premier cycle. 4,5 L'oxyde de fer (principalement α-Fe 2 O 3 ), l'un des oxydes de métal de transition les plus important, a suscité l'intérêt scientifique depuis qu'il a été reporté comme matériau d'anode pour les batteries lithium-ion en raison de sa capacité théorique élevée (1007 mAh g -1 ), de son respect de l'environnement, de son abondance et de son faible coût. 6,7 Dans cette thèse, une électrode modèle en couche mince d'oxyde de fer a été préparée par simple oxydation thermique à 300 °C dans l'air d'un substrat de fer métallique pur, utilisé aussi comme collecteur de courant. Une variété de techniques d'analyse, électrochimiques (CV, EIS et cyclage galvanostatique), spectroscopiques (XPS, ToF-SIMS) et microscopiques (MEB et AFM), ont été mises en oueuvre pour comprendre les mécanismes réactionnels de l'oxyde de fer en tant que matériaux d'anode dans les batteries lithium-ion.

Expériences a) Polissage mécanique

Les échantillons sont polis sur des draps imprégnés de pâtes diamantées de granulométrie décroissante. Des pâtes diamantées de 6µm, 3µm, 1µm, et 1/4µm sont utilisées, en fonction de la rugosité initiale. La granulométrie des pâtes diamantées est diminuée lorsque toutes les rayures sur l'échantillon sont homogènes. A la fin du polissage mécanique, les échantillons sont nettoyés, aux ultra-sons, dans l'éthanol et dans l'eau ultra pure, puis séchés à l'air comprimé filtré. La Figure 2 présente le dispositif de polissage mécanique. 4 Larcher D., Masquelier C., Bonnin D., Chabre Y., Mason V., Leriche J.B., Tarascon J.-M., Effect of Particle Size on Lithium Intercalation into α-Fe 2 O 3 , J. Electrochem. Soc., 2003, 150, A133-A139. 5 Larcher D., Bonnin D., Cortes R., Rivals I., Personnaz L., Tarascon J.-M., Combined XRD, EXAFS, and Mössbauer Studies of the Reduction by Lithium of α-Fe 2 O 3 with Various Particle Sizes, J. Electrochem. Soc., 2003, 150, A1643-A1650. 6 H. Li, P. Balaya, J. Maier, Li-Storage via Heterogeneous Reaction in Selected Binary Metal Fluorides and Oxides, J. Electrochem. Soc., 2004, 151, A1878-A1885. 7 Zu C.-X., Li H., Thermodynamic analysis on energy densities of batteries, Energy Environ. Sci., 2011, 4, 2614-2624.
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b) Caractérisations électrochimiques (CV, EIS et cyclage galvanostatique)

La voltammétrie cyclique (CV) a été réalisée à température ambiante en utilisant un potentiostat-galvanostat Autolab (AUT30). Une cellule en verre à trois électrodes a été utilisée avec le film mince d'oxyde (préparé comme décrit ci-dessus) comme électrode de travail et deux feuilles de Li utilisées comme électrodes de référence et contre-électrode. Les voltammogrammes ont été réalisés à partir du potentiel de circuit ouvert, dans le sens cathodique puis dans la direction anodique. Plus de détails sur les tests (vitesse de balayage, nombre de cycles) sont donnés dans chaque chapitre.

La spectroscopie d'impédance électrochimique (EIS) a été largement appliquée succès à l'étude des matériaux pour batteries lithium-ion et s'avère une méthode puissante et précise pour étudier la diffusion du lithium. Dans ce travail, l'EIS a également été réalisée à température ambiante en utilisant un Autolab (AUT30), sur une gamme de fréquences de 10 MHz à 1 MHz sous une perturbation potentielle de 5 mV.

Le cyclage galvanostatique (décharge-charge galvanostatique) a été réalisé dans deux types de cellules, cellule en verre à trois électrodes et cellule Swagelok à deux électrodes respectivement contrôlées par un Autolab (AUT30) et un poste de travail CE-Lab (Bio-Logic Instruments sciences), en appliquant une densité de courant constante dans le domaine de potentiel de 3,0 à 0,01 V et avec le film mince d'oxyde comme électrode de travail et des feuilles Li comme électrodes de référence et contre-électrode.

c) Spectroscopie de photoélectrons induits par rayons X (XPS)

La spectroscopie de photoélectrons induits par rayons X (XPS ou ESCA) est basée sur la détermination à haute résolution de l'énergie de liaison des photoélectrons issus des niveaux de coeur des éléments. Elle permet de détecter tous les éléments chimiques présents à la surface d'un matériau (à l'exception de l'hydrogène et de l'hélium), de renseigner sur l'environnement chimique des éléments en présence et de quantifier les espèces en termes de proportions atomiques (si le matériau est homogène en profondeur) et en termes d'épaisseur de couches si ces couches n'excèdent pas quelques nanomètres d'épaisseur. 8,9 La photoemission est basé sur le principe de l'effet phoélectrique (voir Figure 3). Pour les analyses XPS, un spectromètre ESCALAB 250 de Thermo Electron Corporation a été utilisé. L'échantillon est irradié dans la chambre d'analyse sous ultravide (de l'ordre de 10 -6 Pa). Ce vide très poussé est nécessaire pour obtenir une bonne collecte des photoélectrons qui doivent parcourir jusqu'à plusieurs dizaines de centimètres pour atteindre le détecteur en subissant un minimum de collisions inélastiques avec des molécules de gaz, mais également pour limiter la contamination des échantillons. Pour nos manipulations, une source de rayons X monochromatique (AlKα: h = 1486. 6 eV) a été utilisée. Les rayons X 8 Ray S., Shard A.G., Quantitative Analysis of Adsorbed Proteins by X-ray Photoelectron Spectroscopy, Analytical Chemistry, 2011, 83, 8659-8666. 9 Watts J.F., Wolstenholme J., An Introduction to Surface Analysis by XPS and AES, Wiley Interscience,

2003.

v sont produits par bombardement d'électrons de haute énergie sur un matériau qui joue le rôle d'anode. L'énergie h du rayon produit est dépendante de la nature de l'anode. La raie AlKα de la source est monochromatisée afin de réduire la largeur des raies de rayon X et d'obtenir une meilleure résolution spectrale. Le monochromateur permet également de supprimer les pics dus à la non monochomatisation de la source et de focaliser, dans une certaine mesure, les rayons X. Cette focalisation autorise l'analyse de régions de l'échantillon de 100 μm à 500 μm de large.

Un analyseur hémisphérique permet de collecter et de focaliser les électrons émis par l'échantillon grâce à une série de lentilles électrostatiques. Les électrons sont séparés en fonction de leur énergie cinétique. L'analyseur est constitué de deux hémisphères aux bornes desquelles une différence de potentiel est appliquée. Il existe une relation de proportionnalité entre l'énergie cinétique des électrons, que l'on veut déterminer, et cette différence de potentiel. En mode «constant analyser energy» (CAE), le potentiel de l'analyseur est maintenu constant et l'utilisateur peut définir un potentiel appelé retardateur, à l'entrée de l'analyseur. L'utilisateur choisit ainsi l'énergie à laquelle les électrons sont accélérés ou retardés, soit l'énergie que les électrons possèdent quand ils entrent dans l'analyseur (ou énergie de passage). Cette énergie de passage influence la résolution des spectres et la transmission de l'analyseur. Le choix d'une énergie de passage plus faible (par exemple 20 eV) conduit à une meilleure résolution (en énergie) et est donc plus appropriée pour obtenir un spectre en haute résolution d'un élément. Une énergie de passage plus élevée (par exemple 100 eV) fournira une transmission plus élevée (meilleur taux de comptage) ce qui permettra d'obtenir un spectre général de la surface avec tous les éléments présents, cependant la résolution sera plus faible. Lors de nos analyses, l'angle entre l'analyseur et la surface des échantillons (ou angle d'émergence) a été fixé à θ=90°.

d) Spectrométrie de masse d'ions secondaires (ToF-SIMS)

La spectrometrie de masse d'ions secondaires avec detection a temps de vol (ToF-SIMS) permet de l'analyse élémentaire et moleculaire surfacique avec une très haute sensibilité.

Cette technique d'extrême surface est utilisable pour tous les matériaux à l'état solide vi compatibles avec l'ultravide (métaux, alliages, semi-conducteurs, dépôts de couches minces, échantillons biologiques, bois, verres, céramiques, textiles, etc…) et ne nécessite pas de préparation particulière des échantillons. 10,11 Une source pulsée émet des ions primaires (Ga + , Bi + en général) avec une énergie de quelques keV qui bombardent la surface (voir schéma de principe en Figure 4). Ces ions primaires produisent des ions secondaires issus des premières couches atomiques de l'échantillon. Il est possible, grâce a un balayage d'ions primaires sur la surface, d'effectuer une cartographie en fonction des éléments chimiques avec une résolution submicronique ou encore d'établir des profils de composition en profondeur par l'alternance de phases d'acquisition et d'abrasion avec une résolution nanométrique. 12,13 Un spectromètre ToF-SIMS 5 (IONTOF) a été utilisé avec, comme source d'ions réduction électrochimique du lithium avec l'oxyde de fer et à la réduction électrochimique concomitante de l'électrolyte conduisant à la formation de la couche de SEI. Dans le processus de polarisation anodique, un large pic anodique à environ 1,55 V est lié au processus de conversion de Li 2 O avec du fer métallique selon la réaction: La variation du spectre XPS Fe2p de l'échantillon lithié à 0,01 V avec le temps de pulvérisation par des ions Ar + (cf. Les mécanismes de vieillissement par cyclage de l'oxyde de fer ont également été étudiés de façon approfondie en combinant les techniques d'analyse spectroscopiques (XPS, ToF-SIMS) et microscopiques (MEB, AFM). Les résultats montrent que la couche SEI a une composition stable (Li 2 CO 3 avec quantité mineur de ROCO 2 Li) mais augmente en épaisseur au cours du cyclage. Les profils ToF-SIMS en profondeur mettent en évidence le piégeage du lithium dans la couche mince d'oxyde de fer, ce qui est une des raisons de chute de la capacité.

L'analyse morphologique de l'électrode, réalisée par MEB et AFM (voir Figure 9 et 10),

révéle la pulvérisation de la couche d'oxyde de fer et l'agglomération des particules au cours des cycles répétés de lithiation/délithiation. Après pulvérisation initiale de la microstructure du film mince, la croissance des grains et leur l'agrégation sont promus par le cyclage répété.

Au cours des cinq premiers cycles, ceci favorise l'augmentation de la capacité, mais l' expansion du volume et l'accumulation de matière non déconvertie conduit conduit à la détérioration des performances de l'électrode. Ces modifications peuvent aussi conduire à l'exfoliation du matériau d'oxyde actif, qui est une autre explication raisonnable de la chute de capacité de l'oxyde de fer pendant les cycles suivants. La pénétration de la SEI dans la couche mince de l'électrode accompagne la pulvérisation de l'électrode au cours du cyclage.

(a) xvi L'oxyde de fer comme matériau d'électrode négative pâtit d'une faible conductivité électronique/ionique, ce qui est un des principaux obstacles à l'amélioration de ses propriétés électrochimiques. Ainsi, l'application d'un tel matériau dans les batteries lithium-ion requiert la maîtrise de la cinétique des réactions conversion/déconversion. Cela nécessite une bonne compréhension du transport (diffusion) des ions Li dans la matrice de l'électrode lors de l'insertion de lithium. Le coefficient de diffusion des ions Li dans un matériau hôte peut être obtenue à partir de la distribution de la concentration dans le matériau d' électrode. Toutefois, dans le pratique, la répartition des ions Li dans le matériau hôte est difficile à mesurer du fait de l'absence de techniques sensibles et précises. De façon courante, la variation de la concentration en ions lithium dans le matériau hôte est déduit de la distribution du potentiel à l'aide de l'équation de Nernst et de techniques de caractérisation électrochimiques tels que EIS, CV, PITT (titrage intermittent potentiostatique), GITT (titrage intermittent galvanostatique) et PRT (relaxation du potentiel). Cependant, il est nécessaire de développer de nouvelles méthodes directes de mesure de diffusion du Li dans les matériaux d'électrodes basées sur la mesure des ions en profondeur par profilometrie. Dans ce travail, le ToF-SIMS a été appliqué pour la première fois à la mesure du coefficient de diffusion apparent du lithium dans un matériau d'électrode de conversion (α-Fe 2 O 3 ) par une approche de film mince.

L'analyse a été basée sur la variation de la concentration en profondeur en Li obtenue pour un échantillon partiellement lithié (voir Figure 11). Le coefficient de diffusion apparent calculé à partir de l'intégration de la deuxième loi de Fick pour la diffusion à une dimension est de l'ordre de 10 -15 cm 2 s -1 . Ce résultat est en accord avec les valeurs obtenues à partir de données de voltamétrie et d'impédance électrochimiques. Le coefficient de diffusion obtenu montre que la vitesse de lithiation de ce matériau de conversion est nettement plus lente que pour les matériaux d'intercalation ou d'alliage. L'utilisation de la méthode directe ToF-SIMS pour la détermination du coefficient de diffusion peut être appliquée aux différents types de matériaux d'électrode. Cette nouvelle approche élargie l'horizon pour l'étude de cinétique de diffusion de Li dans les matériaux d'électrode pour les batteries lithium-ion. L'un des autres principaux obstacles de l'application de l'oxyde de fer comme matériau d'anode pour les LIBs est son potentiel de conversion élevé (tension de travail). Afin de réduire la potentiel de lithiation, un film mince d'oxyde binaire (Fe, Cr) a été préparé sur sur un substrat d'acier inoxydable (AISI410, FeCr 12.5 ) également utlisée comme collecteur de courant. Les courbes de décharge/charge galvanostatique réalisées sur 20 cycles montrent que la substitution de l'oxyde de fer par le chrome n'améliore pas les performances électrochimiques, tels que la capacité spécifique et la stabilité en cyclage. La position du pic xviii cathodique sur les voltammogrammes montre que le remplacement de l'oxyde de fer par le chrome ne réduit pas la tension de travail de cet oxyde binaire. Le rendement faradique de l'électrode d'oxyde binaire dans le premier cycle de décharge/charge est un peu moins bon que celui de l'oxyde de fer, mais supérieur à celui de l'oxyde de chrome (Figure 12). 

Perspectives

Deux possibiltées sont proposées pour la poursuite des travaux sur le fer et l'oxyde de fer comme matériaux d'électrodes:

-Synthèse d' électrodes d'oxyde de fer nanostructurée réalisées par dépôt de couches atomiques (ALD) pour application en micro-batteries au lithium-ion en utilisant l'oxyde anodique d'aluminium (AAO) comme gabarit de croissance;

-Comportement électrochimique du fer et de l'oxyde de fer pour les batteries Fe-air en mettant l'accent sur le rôle des additifs d'électrolyte (ex. Na 2 S) comme inhibiteur de le réaction d'évolution de l'hydrogène. transition metal oxides exhibit many advantages compared to the currently used graphite, such as very high capacity, widespread availability, good stability, and environmental benignity. However, there are also obstacles that hinder the practical application of these materials, i.e., poor electronic/ionic conductivity, large volume changes and poor cycling performance, low coulombic efficiency in the first cycle.

(e) (f)

Preparation of (Fe

Iron oxide (mainly α-Fe 2 O 3 ), as one of the most important transition metal oxide, has attracted attention due to its high theoretical capacity (1007 mAh g -1 ), environmental friendliness, abundance and low cost since reported as anode material for LIBs. In this thesis, an iron oxide thin film model electrode was prepared by simple thermal oxidation of pure metallic iron substrate at 300 o C in air for 5 min, also used as a current collector.

In order to have a better understanding of the reaction mechanisms of iron oxide as anode material, a thin film approach was used and electrochemical methods (CV, EIS and galvanostatic cycling) were combined with surface analytical techniques (XPS, ToF-SIMS), to investigate the iron oxide thin film at different stages of lithiation/delithiation. XPS analysis was also combined with low energy Ar + sputtering for depth profiling the lithiated electrode (up to 0.01 V vs Li/Li + ). Based on the results, the formation of the passive film called Solid Electrolyte Interphase (SEI) layer, the chemical composition of the thin film electrode and the conversion reaction mechanism of iron oxide are discussed as anode materials for lithium-ion batteries.

The first cyclic voltammogram performed on the iron oxide thin film electrode in 1 M LiClO 4 -PC shows a very small cathodic peak at about 1.7 V followed by small cathodic current increase until 1 V, corresponding to the process of Li insertion into the iron oxide matrix to form intermediate Li x Fe 2 O 3 (0<x≤2). A sharp and intense cathodic peak follows at about 0.75 V, corresponding to the electrochemical reduction of lithium with iron oxide and to the concomitant reductive decomposition of the electrolyte and resulting formation of the SEI layer. In the anodic polarization process, the broad anodic peak at around 1.55 V is related to the reverse de-conversion process of Li 2 O with metallic iron according to reaction: The multi-cycling induced aging mechanisms of iron oxide thin film anode were also investigated thoroughly by combining spectroscopic (XPS, ToF-SIMS) and microscopic (SEM, AFM) analytical techniques. The results show that the SEI layer has a stable composition (Li 2 CO 3 with minor ROCO 2 Li) but dynamically increases in thickness during cycling. ToF-SIMS ion depth profiles evidenced lithium trapping in the bulk of iron oxide thin film electrode upon cycling, which is one reason of capacity fading. The analysis of the electrode morphology, performed by SEM and AFM, revealed that the iron oxide layer undegoes pulverization resulting in particle agglomeration during repeated lithiation/delithiation. After initial pulverization of the thin film microstructure, grain growth and aggregation are promoted by multi-cycling. In the first five cycles, this promotes capacity increase but upon further cycling volume expansion and accumulation of non deconverted material lead to deterioration of the electrode performances. These modifications may also lead to exfoliation of iron oxide active electrode material, which is another reasonable explanation of the capacity fading of iron oxide during further multi-cycling. Penetration of the SEI layer along with pulverization of the electrode due to irreversible conversion/deconversion also occurs in the bulk electrode material upon cycling.

Iron oxide as negative electrode material suffers from poor electronic/ionic conductivity, which is one main obstacle for improving the rate capability of this material in a battery. So the future of such a conversion-type material in LIB applications relies on mastering the kinetics of the electrode lithiation reaction. This requires a good understanding of transport (diffusion) mechanisms of Li ions into the bulk electrode matrix during lithium insertion. The diffusion coefficient of Li ions in a host material can be obtained from the Li-ion concentration distribution in the bulk electrode material. In practical application, the distribution of Li ions in the host material is difficult to measure due to the lack of sensitive and precise techniques. In common practice, the variation of the Li-ion concentration in the host material is deduced from the potential distribution using the Nernst equation and electrochemical characterization techniques such as EIS, CV, PITT (potentiostatic intermittent titration), GITT (galvanostatic intermittent titration) and PRT (potential relax techniques). However, it is necessary to develop new and more direct methods for precise measurement of Li diffusion in bulk electrode materials based on precise Li-ion depth profiling. In this work, ToF-SIMS has been applied for the first time to measure the apparent diffusion coefficient of lithium into a conversion-type electrode material (α-Fe 2 O 3 ) by a thin film approach. The analysis was based on the in-depth variation of the Li-ion concentration obtained by depth profiling a partially lithiated sample. The apparent diffusion coefficient obtained from the infinite integration of Fick's second law for one-dimensional diffusion is of the order of 10 -15 cm 2 s -1 in the converted region, in agreement with values obtained from CV and EIS data. This value evidences that the rate of lithiation in this conversion-type material is markedly slower than in intercalation or alloying-type materials. The direct methodology using ToF-SIMS for determining the diffusion coefficient can be applied to any type of electrode material. It enlarges the horizon for the study of Li diffusion kinetics into electrode for LIBs.

One of the other main obstacles of iron oxide for LIB material is its high conversion potential (working voltage). In order to reduce the working voltage, a (Fe, Cr)-binary oxide thin film was prepared on a stainless steel (AISI410, FeCr 12.5 ) current collector to tune energy density and working voltage. Galvanostatic discharge/charge during 20 cycles show that the substitution of iron oxide by chromium did not improve the electrochemical performance, such as specific capacity, cycling performance and capacity retention ratio. The cathodic peak position in the CV curves shows the substituting iron by chromium did not reduce the working voltage. However, the coulombic efficiency of the thin film binary oxide electrode in the first discharge/charge cycle is slightly poorer than that for iron oxide but better than that for chromium oxide. ToF-SIMS results demonstrate a kinetically controlled conversion process in the binary oxide electrode, and the substituting chromium oxide does not react sufficiently with lithium due to its poor electrochemical activity. SEM and AFM show that morphological modifications of the electrode are indistinctive in the first two cycles but significantly increase during further cycling.

Finally, two perspectives are proposed for further work:

-Synthesis of nanostructured iron oxide by means of atomic layer deposition (ALD) using anodic aluminum oxide (AAO) membrane template for application in lithium ion microbatteries; -Electrochemical behaviour of iron and iron oxide in Fe-air batteries with emphasis of the role of electrolyte additives (i.e. Na 2 S) on the inhibition of hydrogen evolution in Fe-air batteries.

Chapter 1. State of the art and objectives

Abstract: In this chapter, the history and principle of LIBs are briefly introduced. The LIB contains four primary components: cathode, electrolyte, separator and anode. In order to improve the energy density of LIB, negative electrode materials need to be developed.

According to the lithiation/delithiation process, the negative electrode materials can be classified into intercalation-type, alloy-type and conversion-type materials. The electrochemical performance of LIBs also depends on surface reactions occurring at the surface of the electrodes. A solid electrolyte interphase layer (SEI) can be formed at the surface of negative electrodes due to reductive electrolyte decomposition. The details concerning the formation of the SEI layer as well as the influence of the SEI layer on the electrochemical performance of the LIBs will be presented. As this study focused on iron oxide, the properties of iron oxide electrode (nanostructured and thin film) are also specified in this chapter.

Keywords: Lithium-ion batteries; Anode; Reaction mechanism; Conversion; Iron oxide; Thin-film

Lithium-ion batteries (LIBs)

Among the myriad of energy storage technologies, lithium batteries are playing an increasingly important role because of their high specific energy (energy per unit weight) and energy density (energy per unit volume) compared to other batteries available on the market (Figure 1-1), such as lead-acid (Pb-acid), and nickel-metal hydride (Ni-MH) batteries. The use of Pb-acid batteries is restricted mainly to SLI (starting, lighting, ignition) in automobiles or standby applications, whereas Ni-Cd batteries remain the most suitable technologies for high-power applications (for example, power tools). Since their introduction in 1991, lithium-ion battery (Li-ion battery or LIB) has transformed portable electronic devices, such as laptops, cell phones, digital cameras and other consumer electronics. [1][2][3] The first commercialized LIBs were developed by Sony Corporation in 1991 with a graphite anode, a LiCoO 2 cathode and the electrolyte, and have been dominant in the Li-ion battery market for 20 years due to their high energy density and long cycle life. However, this combination is not suitable for large scale batteries for vehicle and grid use. Firstly, the high cost of LiCoO 2 is due to scarcity and not environmental friendliness of cobalt resources.

Secondly, there are potential safety hazards in such a system which will greatly enlarge in large-scale batteries. The safety hazards arise from the strongly oxidizing delithiated Li 1-x CoO 2 cathode in the charged state, which can release O 2 , and the reducing lithiated graphite anode, coupled with a flammable electrolyte, that commonly co-exist in a LIBs system. To circumvent these issues, high-safety, low-cost cathode material LiFePO 4 was proposed for large-scale LIBs. 4 High voltage and zero-strain Li 5 Ti 4 O 12 anode was also proposed to couple with high voltage cathodes (i.e., LiMn 2 O 4 , LiCo 1/3 Ni 1/3 Mn 1/3 O 2 and LiMn 0.8 Fe 0.2 PO 4 ) for potential usage. [5][6][7] However, these systems have lower working voltages than that of LiCoO 2 /graphite, which compromise their energy density. 

Principle of LIBs

A lithium-ion battery is a Li ion concentration cell essentially, which is composed of two different embedded lithium ion compounds as the positive and negative electrodes. As a member of the family of rechargeable battery types, lithium ions move from the negative electrode (anode) to the positive electrode (cathode) during discharge and back when charging. To keep balance of charge, there are equal amounts of electrons transmitted through the external circuit together with Li ions move back and forth between positive and negative electrodes, to maintain a certain potential corresponding to redox reaction in the process of charging and discharging. Working potential is influenced by properties of lithium compounds that compose the positive and negative electrodes, Li ion concentration etc. A schematic drawing of working-mechanism of LIBs is shown in Figure 1-2. The negative electrode is a graphitic carbon that holds Li in its layers, whereas the positive electrode is a Li-intercalation compound -usually an oxide because of its higher potential -that often is characterized by a layered structure. Both electrodes are able to reversibly insert and remove Li ions from their respective structures. On charging, Li ions are removed or de-intercalated from the layered oxide compound and intercalated into the graphite layers. The process is reversed on discharge. The electrodes are separated by a non-aqueous electrolyte that transports Li ions between the electrodes.

A commercialized lithium-ion battery use a LiCoO 2 as cathode and an intercalated lithium compound (such as graphite) as the anode material compared to the metallic lithium used in non-rechargeable lithium battery. The charge and discharge reaction could be described by equation 8 (1-1): The cathode material is one of the key materials of manufacturing lithium-ion batteries.

2 1 2 CoO Li C Li C LiCoO x x     ( 1 -1 )
The performance and price of the cathode material is crucial to the LIBs. 

Intercalation reaction mechanism

An intercalation reaction is based on charge transfer in the structure of the host compounds (H) where the guest atoms (Li) are accommodated: [12][13][14] 

H Li H xe xLi x      ( 1 -2 )
A layered structure is preferred for the host compounds, but not limited to this. The "rocking-chair concept" for rechargeable lithium batteries, in which the intercalation compounds were suggested for use in both the positive and negative electrodes, were firstly suggested by M. Armand 15 and commercialized by SONY. In current LIBs for portable electronic devices, the most common structure are layered graphite (R-3m space group) and LiCoO 2 (R-3m space group) used as negative and positive electrode material, respectively. Thus, the guest atoms occupy the host lattice continuously and the chemical potential of the host is modified gradually. The voltage profile of charging and discharging within a single-phase intercalation regime normally shows a slope behavior and can be explained by a Li + lattice gas model. 16,17 The reversible lithium storage capacity is determined by the available vacancy sites for guest atoms, a transferrable charge number above 0 V vs. Li/Li + and the structure stability of the host materials. Typically, the reversible lithium storage capacity for the graphite negative electrode is 300-350 mAh g -1 (theoretical capacity is 372 mAh g -1 for forming LiC 6 ) and is around 135-145 mAh g -1 for the LiCoO 2 positive electrode (the theoretical capacity is 274 mAh g -1 for extracting one mole of Li).

Phase transition mechanism

In a phase transition reaction, the reactant transforms directly and continuously from the initial phase into another phase during charging or discharging. For example, LiFePO 4 converts into FePO 4 during charging (delithiation, theoretical capacity is 170 mAh g -1 ) and Li 4 Ti 5 O 12 anode converts into Li 7 Ti 5 O 12 during discharging (lithiation, theoretical capacity is 175 mAh g -1 ). 4,5 In addition, it is also common that the electrode material undergoes a series of phase transitions during continuous lithium insertion or extraction. Taking the alloying-type reaction as an example, Si can form a series of Li-Si alloys during electrochemical lithiation (the theoretical capacity is 4200 mAh g -1 for forming Li 22 Si 5 ) at high temperatures and show several voltage plateaus in the voltage profile. 18 The open circuit potential profile of each phase transition reaction will show one plateau when the Gibbs formation energy of the reactants and products do not vary upon lithium insertion and extraction within the phase transition regime. For example, LiFePO 4 shows a ~3.5 V plateau and Li 4 Ti 5 O 12 displays a ~1.55 V plateau but Si as anode shows no obvious potential plateau. 

    (1-3)
Later, reversible lithium storage has been observed in transition metal fluorides, sulfides, nitrides, phosphides and hydrides. [20][21][22][23][24] Recently, the reversible conversion reaction is also extended to other polyanion compounds, such as the reaction (1-4): 25 
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The lithium storage capacity through the conversion reaction can be as high as 1480 mAh g -1 in the case of MgH 2 anode for Li batteries (the theoretical capacity is 2062 mAh g -1 for forming Mg and 2LiH). 24 Many materials undergoing the conversion reaction have been considered as positive or negative electrode materials.

In spite of their high capacity, most conversion reaction type electrode materials suffer from high voltage polarization between the charging and discharging, and the low initial Coulombic efficiency due to the inherent thermodynamic properties and poor kinetics of these type materials. 26,27 Moreover, some mechanisms, i.e., reversible chemical bonding, surface charging, organic free radical, under potential deposition, interfacial charging, are also possible in lithium storage, but not dominated in the existing system of LIBs. 11 Lithium-ion batteries are currently rapidly expanding into very large-scale applications, such as hybrid (electrical) cars. As certain applications have dramatically expanded, a better understanding of the Li storage mechanisms is much-needed in developing next generation battery materials.

Surface and interface science in LIBs -SEI layer

Surface chemistry of the electroactive material and complex electrode/electrolyte interfacial properties is crucial for electrochemical performance (i.e. cycling performance and rate capability) of a LIB. [28][29][30] In the early 1970s, a passivation film was found to cover the lithium metal electrode used as anode in a secondary battery. This passivation film plays a very important role in the battery system during charge and discharge cycling. With the in-depth study of this phenomenon, the researchers have proposed approximate formation mechanisms of this passivation layer and several models have also been proposed according to these mechanisms. Among all these models, one model is commonly considered as the most convincing and widely applied, which is known as the solid electrolyte interphase (SEI) layer model. 31,32 

Formation of SEI layer -mechanism and features

Formation mechanism of SEI

The SEI layer is normally formed on the negative electrode surface due to electrolyte decomposition at potential below 1 V vs. Li/Li + (typically 0.7 V vs. Li/Li + for most organic electrolytes). In the case of carbonaceous electrodes, the formation of the SEI layer proceeds from the deposition of organic and inorganic compounds during the first five charge/discharge cycles. 33 However, the formation mechanism of the SEI is a subject under debate. The initial models have treated the surface reduction like a simple 2D surface process, while Besenhard et al. proposed a mechanism that involved the unique structure of graphite anodes. 34 Based on their earlier studies of intercalation phenomenon on graphite, they proposed that the electrolyte solvents, especially PC, tend to co-intercalate and form the so-called ternary graphite intercalation compounds (GIC). 35 Thus it is reasonable to speculate that the formation of SEI must also experience a similar step, i.e., before the potential of graphite anode becomes reductive enough to induce decomposition of electrolyte solvent molecules, these molecules would co-intercalate in the graphene interlayers. In other words, the interphase thus formed, as schematically shown in Figure 12345, would concentrate near the edge sites of the graphite particles and partially penetrate the graphite lattice. This formation mechanism is thus known as "3D model of SEI". 35,36 

HCOLi

Present when methyl formate is used as co-solvent or additive. 47 Polycarbonates Present in the outermost layer of the SEI, close to the electrolyte phase. This part imparts flexibility to the SEI. The SEI layer plays a very important role in the electrochemical performances of LIBs.

The battery performance parameters affected by the SEI are irreversible charge loss (ICL), self-discharge, cyclability, rate capability, and safety. Every parameter and property of the SEI significantly affects battery performance. The composition, thickness, morphology, and compactness are a few to name. 38 In commercial LIBs, graphite cannot be cycled in PC based electrolyte (LiPF 6 /PC or LiClO 4 /PC) because the undesirable SEI layer is not able to prevent the co-intercalation of solvent molecules in the graphite leading to the formation of gas responsible for an increase of the pressure in graphene layers and then electrode destruction by exfoliation. 33 The exfoliation phenomenon is governed by low quality SEI layer which depends on its composition and morphology. The use of EC as co-solvent with PC increases significantly the cycling ability. Indeed, the composition of the SEI influences the electronic insulating properties of the SEI layer and its chemical stability. The morphology of the SEI layer, its porosity and thickness, will govern the conduction of lithium ions through the SEI layer.

Therefore, the charge capacity and the irreversible capacity will depend strongly on the quality of the SEI layer. [START_REF] Chagnes | Cycling Ability of γ-Butyrolactone-Ethylene Carbonate Based Electrolytes[END_REF] For the conversion-type and alloying-type electrode materials, which have a large volume expansion during lithiation process, the SEI layer also affects the electrochemical performances of the electrodes in LIBs. As evidenced from XPS and ToF-SIMS studies performed on the iron oxide and iron sulfide thin-film electrodes, the SEI layer formed by reductive decomposition of the electrolyte penetrated into the bulk of the oxide thin film upon repeated conversion/deconversion, which leads to deterioration of the electrode performances upon further multi-cycling. 

Variation of SEI layer -influential factors

The SEI layer, as the reaction product of the electrode material and electrolyte, is formed on the electrode surface during charging and discharging of a LIB. Its composition, structure, density and stability is mainly determined by the nature of electrodes and electrolyte, but also influenced by the temperature, cycle number and current density of charging and discharging.

Anode materials

Various properties of anode materials, including types of material, composition, structures and morphology, especially surface morphology, of the electrodes have a critical influence on the formation of SEI layers. In a commercial LIB, the SEI layer is mainly formed on the surface of carbonaceous negative active materials, thus the type of carbon significantly affects the SEI. In-depth studies of various types of carbon anode materials (i.e. pyrolytic carbon, carbon fiber, petroleum coke, artificial graphite and natural graphite)

showed that the degree of graphitization and orderliness seriously affect properties of the SEI layer. Even for the same carbon material, the SEI formation can be different in composition and morphology depending on the electrode surface (i.e., basal plane, cross section and edges), and particle size. (1-5)

BOF(s) + 2HF(solv) + LiF(s) → O(l) H + (solv) LiBF 2 4
(1-6) Furthermore, the decomposition of the inorganic lithium salt could also generate direct formation of the following compounds:

(s) PF + LiF(s) → (solv) LiPF 5 6
( 1 -7 )

According to thermodynamic calculations, the inorganic lithium compounds are more likely to be generated than the organic compounds as products of electrolyte decomposition.

A SEI layer containing more inorganic lithium salts will be much more stable according to thermodynamics, and less SEI dissolution will occur during electrochemical cycling. For instance, EIS analysis showed a significant increase of the resistance when TBAPF 6 (TBA + denotes tetrabutylammonium ions) is used in place of LiPF 6 as an electrolyte lithium salt. This is mainly because the volume of TBA + ions is larger, causing serious damage to graphite electrode when co-intercalating in graphite layers. [START_REF] Kim | Origin of Graphite Exfoliation An Investigation of the Important Role of Solvent Cointercalation[END_REF] 

Electrolyte solvent

The components of the SEI layer are mainly the decomposition products of electrolyte solution under negative potential. Different kinds of electrolyte solvents play an important role in the formation of SEI layer.

Organic electrolyte solvents require high electrical conductivity, low viscosity, high flash point and good stability. It is difficult to satisfy all the properties for a single solvent.

Commonly, carbonate mixtures of several solvents, i.e., ternary solvent of EC/DEC/DMC, are widely used. Recent studies show that additives of aliphatic esters, such as ethyl acetate, methyl acetate, in the ternary solvent could effectively improve the conductivity and stability of the SEI layer. This is because the CO 2 , produced by decomposition of the esters, can promote the formation of a stable SEI layer. [START_REF] Ratnakumar | Effects of SEI on the kinetics of lithium intercalation[END_REF] In a PC solution, SEI layers cannot cover the electrode surface completely, and the electrolyte decomposed on the graphite surface which produced irreversible capacity in battery cycling. In a pure EC solvent, the main component of SEI films is (CH 2 OCOOLi) 2 .

However, C 2 H 5 COOLi and Li 2 CO 3 will dominate the SEI composition when DEC and DMC, respectively, are added in the EC-based solution. Obviously, the SEI layer contains C 2 H 5 COOLi and Li 2 CO 3 is much more stable than that with more (CH 2 OCOOLi) 2 component. In the EC-based solution (EC/DEC and EC/DMC), only EC decomposed to form SEI layer. DEC and DMC, that improve conductivity and solubility of the solution, are not involved in the formation of the SEI layer. [START_REF] Yang | Composition analysis of the passive film on the carbon electrode of a lithium-ion battery with an EC-based electrolyte[END_REF] 

Temperature

Generally, high temperature will decrease the stability of the SEI layer and then deteriorate the cycling performance of the electrode. That is because dissolution of the SEI and co-intercalation of the solvent molecules both increase with increasing temperature.

When a dense SEI layer with good stability and low resistance is formed, the electrodes present the best cycling performance at low temperature (-20 o C) in LiPF 6 -PC/DMC electrolyte. [START_REF] Ishikawa | Optimization of physicochemical characteristics of a lithium anode interface for high-efficiency cycling: an effect of electrolyte temperature[END_REF] Andersson's study on the relationship between temperature and performances of Li/graphite half-cells shows that the original SEI layer reformed at a high temperature (80 o C) under continued cycling. A porous SEI layer is formed after dissolution and re-deposition of the SEI, so that the electrolyte can be in contact with the electrode and continues to generate further reduction. 56 Currently, the insulation aging at 30-60 o C, commonly used in the industry operation for improving cycling performance and optimizing battery storage, is based on the SEI reforming mechanism at high temperature. 56 

Current density

The reaction on the electrode surface is a competitive reaction of passivation film formation and charge transfer. The electrochemical reaction properties and the SEI layer composition will vary at different current densities due to the different diffusion rates of various ions and the different ion transport numbers. Dollé et al. [START_REF] Dollé | In situ TEM study of the interface carbon/electrolyte[END_REF] reported that the current density affects composition more than thickness during formation of the SEI layer. For a low current density, they showed the different steps in the passivating layer formation with apparition of Li 2 CO 3 from the beginning and apparition of lithium alkyl-carbonates at the end of discharge. At higher current density, the SEI layer is solely composed of Li 2 CO 3 and there is no lithium alkyl-carbonates at the end of discharge. This explains why the resistance of the SEI levels off rather than increases as observed previously but with an increased capacitance value.

Ota and coworkers [START_REF] Ota | TPD-GC/MS analysis of the solid electrolyte interface (SEI) on a graphite anode in the propylene carbonate/ethylene sulfite electrolyte system for lithium batteries[END_REF] disclosed that the structure of SEI on the graphite anode significantly depends upon current density as investigated by combination of temperature programmed desorption or decomposition-gas chromatography/mass spectrometry (TPD-GC/MS), X-ray photoelectron spectroscopy (XPS), scanning electron microscopy (SEM), and chemical analysis. In the case of high current density, the inorganic SEI was first formed at high potential and, around the potential where the intercalation of lithium occurs, the organic SEI was formed later. On the other hand, at a low current density, the SEI composed of only an organic component was immediately formed from the starting potential (1.5 V vs. Li/Li + ). However, there is no inorganic component in the SEI layer. This is different from Dollé's results, which may be due to the use of different electrolytes.

Characterization of SEI layers -research methods and techniques

The characterization of SEI layers is focused on morphology, structure, composition and electrochemical performance. Electrochemical, microscopic and spectroscopic (including electron spectroscopy, chromatography and mass spectrometry) techniques are the main research methods and approaches. In recent years, a variety of in situ study techniques have been widely used.

Electrochemical methods

Electrochemical methods (i.e., electrochemical impedance spectroscopy (EIS), cyclic voltammetry (CV) and electrode charge/discharge test) have been widely used for studying the SEI layer. The characteristics of the SEI layer could be speculated from some electrochemical parameters of the electrodes.

EIS technique is a powerful tool to understand the electrode processes in LIBs. EIS studies can clearly expose deposition and dissolution process of the SEI layer which corresponds to the impedance increases and decreases. At the same time, from the fit and simulation of the Nyquist plots, a suitable equivalent circuit can be obtained to further describe the structural characteristics and electrochemical behaviors of SEI layer. [START_REF] Yang | Impedance spectroscopic study for the initiation of passive film on carbon electrodes in lithium ion batteries[END_REF][START_REF] Ong | Symmetrical cell for electrochemical AC impedance studies of lithium intercalation into graphite[END_REF][START_REF] Fransson | Influence of carbon black and binder on Li-ion batteries[END_REF][START_REF] Winter | Dilatometric investigations of graphite electrodes in nonaqueous lithium battery electrolytes[END_REF] Cyclic voltammetry is also a powerful tool. The potential window of SEI formation could be clearly shown by using cyclic voltammetry. A strong cathodic peak is observed at around 0.65 V in the first cyclic voltammograms but disappeared in the second scan for the fresh graphite electrode. Apparently, this reduction peak is the current peak of SEI formation. [START_REF] Fransson | Influence of carbon black and binder on Li-ion batteries[END_REF][START_REF] Winter | Dilatometric investigations of graphite electrodes in nonaqueous lithium battery electrolytes[END_REF] In addition, other electrochemical methods i.e., galvanostatic method, potentiostatic method, pulse voltammetry and steady state polarization method are useful to analyze SEI kinetics.

Microscopic methods

With the development of electron microscopy, the properties, structure and morphology of the SEI layer can not only be indirectly speculated from electrochemical and optical data, but also be observed directly by microscopic methods on the surface of the electrode. Microscopic techniques i.e., scanning electron microscope (SEM), [START_REF] Antonini | A morphological study of SEI film on graphite electrodes[END_REF] transmission electron microscope (TEM), [START_REF] Naji | TEM characterization of the passivating layer formed during the reduction of graphite electrodes in selected electrolytes[END_REF] atomic force microscope (AFM) [START_REF] Jeong | Surface Film Formation on Graphite Negative Electrode in Lithium-Ion Batteries: AFM Study in an Ethylene Carbonate-Based Solution[END_REF][START_REF] Hirasawa | Investigation of graphite composite anode surfaces by atomic force microscopy and related techniques[END_REF][START_REF] Jeong | Surface film formation on a graphite negative electrode in lithium-ion batteries: AFM study on the effects of co-solvents in ethylene carbonate-based solutions[END_REF] and scanning probe microscope (SPM) [START_REF] Inaba | STM study on graphite/electrolyte interface in lithium-ion batteries: solid electrolyte interface formation in trifluoropropylene carbonate solution[END_REF][START_REF] Alliata | Electrochemical SPM investigation of the solid electrolyte interphase film formed on HOPG electrodes[END_REF] have been gradually applied in the study of SEI layer. These microscopic techniques can directly display the SEI within a nanoscale of around 10 nm, which provides the most direct methodology of characterizing SEI layer.

Spectroscopic methods

Modern technology offers a variety of spectroscopic and chromatographic techniques as useful tools for the study of SEI composition. The spectroscopic and chromatographic analysis of the SEI provides not only qualitative but also quantitative information on the components. Amongst the various spectroscopic techniques used to analyze the SEI, Fourier transform infrared spectroscopy (FTIR), 47,[START_REF] Gachot | Deciphering the multi-step degradation mechanisms of carbonate-based electrolyte in Li batteries[END_REF] Raman spectroscopy, 73 X-ray photoelectron spectroscopy (XPS), 64 and time-of-flight secondary ion mass spectrometry (ToF-SIMS) 57 have proved to be very useful.

Moreover, chromatography and mass spectrometry are often used for analyzing the composition of SEI. Especially, combining these two techniques, Ogumi et al. [START_REF] Ogumi | Pyrolysis/gas chromatography/mass spectroscopy analysis of the surface film formed on graphite negative electrode[END_REF] analyzed the chemical constituents of the SEI layer formed on graphite negative electrode in EC-based electrolyte solutions by pyrolysis/gas chromatography/mass spectroscopy (Pyro/GC/MS), to obtain direct evidence for decomposed products of relatively high-molecular weights. The results showed that oligomers with oxyethylene units, such as ethylene glycol, di(ethylene glycol), and tri(ethylene glycol) methyl ester, were detected, and their presence suggested that the SEI layer contained polymer-like substances that have repeated oxyethylene units.

Similar studies on the SEI layer were also implemented by Ota et al. [START_REF] Ota | TPD-GC/MS analysis of the solid electrolyte interface (SEI) on a graphite anode in the propylene carbonate/ethylene sulfite electrolyte system for lithium batteries[END_REF] 

In situ techniques

Existing state-of-the-art characterization techniques have reached a high level of maturity. Rapid progress in microscopic, spectroscopic, and scattering methods has already led to new and fascinating insights into the nature of chemical and interfacial processes in LIBs research. In situ, non-invasive characterization techniques are considered a great challenge, yet a vital approach, to achieve better understanding of the mechanisms of the underlying processes relevant to energy storage in the operating environments and conditions. [START_REF] Liaw | Situ Characterization of Lithium Ion Battery Materials, Electrodes, and Cells[END_REF] In situ studies do not refer to a specific type of research method or technique. It is a transformation in the way of research. Generally, in situ study instrument is connected to a model cell which is currently charging/discharging or ongoing potential polarization. The electrode can be easily analyzed in a certain potential range or a charge/discharge state. In situ study can monitor changes of the electrode at any time. It also eliminates the steps of removing the electrode and then exposing to atmosphere (H 2 O and O 2 ) in the process of transfer or analysis. Recently, more and more researchers began to study the application of the in situ characterization techniques. These include X-ray absorption near-edge structure, [START_REF] Delmas | On the behavior of the LixNiO 2 system: an electrochemical and structural overview[END_REF][START_REF] Yoon | Structural and electrochemical properties of LiAl y Co 1-y O 2 cathode for Li rechargeable batteries[END_REF] nuclear magnetic resonance (NMR), [START_REF] Grey | NMR studies of cathode materials for lithium-ion rechargeable batteries[END_REF] Mössbauer spectroscopies, 100 Raman spectroscopy, [START_REF] Kong | In situ studies of SEI formation[END_REF] AFM, [START_REF] Jeong | Surface Film Formation on Graphite Negative Electrode in Lithium-Ion Batteries: AFM Study in an Ethylene Carbonate-Based Solution[END_REF]101 TEM, [START_REF] Dollé | In situ TEM study of the interface carbon/electrolyte[END_REF] and even SEM. 102 Surface and interface science on negative electrode in LIBs, mainly SEI layer, is an important requirement for good performance of a Li-ion battery. Studying, analyzing and understanding the SEI have underlined the significance of the many aspects related to it.

Iron oxide for LiBs -state of the art

Iron oxide (mainly α-Fe 2 O 3 ) is one of the most interesting and important transition metal oxides for application in LIBs due to its high theoretical capacity (1007 mAh g -1 ), abundance and environmental friendliness, and it has been studied as candidate anode material since first reported as conversion-type material. 21,103,104 

Structure and electrochemical performance of hematite (α-Fe 2 O 3 )

Hematite (α-Fe 2 O 3 ) is a thermodynamically stable form in the iron oxide family. The α-Fe 2 O 3 crystallizes in the hexagonal corundum (Al 2 O 3 ) structure (rhombohedral system) and naturally occurs as the mineral hematite (Figure 1 shown.

Nanostructured iron oxide

Nanostructure engineering has been demonstrated as an effective approach to improve the electrochemical performance of electrode materials. Constructing nanostructured materials has been considered as a promising avenue towards the development of high-performance LIBs with high energy density, high power density, long cycle life, and improved safety. 1,2,[106][107][108][109] In general, nanostructures can provide reduced distance for ion and electron transport, larger electrode/electrolyte contact area, and good accommodation ability of the volume changes. Thus the electrochemical processes in nanostructured material-based electrodes are significantly boosted. Faster charge/discharge capability (i.e., higher rate capability/power density) and higher specific capacity (i.e., higher energy density) can be expected for LIBs based on advanced nanostructured electrode materials. 107, 110 -114 Additionally, some of the structural features, such as low-dimensional morphologies and hollow spaces, are able to better withstand the huge volume change during the charge/discharge process, thus leading to enhanced cycling performance. 115,116 To maximize the advantages of nanostructured materials, the morphology, composition, porosity, and surface characteristics need to be optimized. Therefore, a wide variety of nanostructured iron oxides with diverse geometric shapes and morphologies has been extensively explored, such as porous particles, 117,118 0D nanoparticles, 119 1D nanowires and nanotubes, 120 , 121 2D nanosheets and nanoflakes, 122 -126 and 3D hollow structures. 127 -130 Nanostructured Fe 2 O 3 , prepared as submicro-flowers, nanorods, nanowires, nanoparticles, hollow spheres, and composites with carbon, have been studied as anodes with good capacity and improved cyclability.

Thin-film iron oxide

Thin films, especially porous films, can effectively buffer the volume expansion while lithium is inserted into the electrode. Thin films of Fe 2 O 3 of various morphologies and on various substrates have been prepared, characterized, and found to perform well as anodes in LIBs. 125,[START_REF] Wu | Electrodeposition of iron oxide nanorods on carbon nanofiber scaffolds as an anode material for lithium-ion batteries[END_REF][132][133][134][135] Sputter-deposited iron oxide thin films were investigated as a possible negative electrode for LIBs. 132 The conductivities of the amorphous thin films were found to be very high compared with those of the respective crystalline forms. The amorphous state presents an interesting characteristic regarding the intercalation/de-intercalation process. The open structure gives rise to a large number of available intercalation sites and, therefore, the volume variation of the electrode is limited during the intercalation/de-intercalation process. number plot shows that, after 10-15 cycles, the Coulombic efficiency improves to ∼98%, and a stable and reversible capacity of (680±20) mAh g -1 is observed up to 80 cycles when cycled at 65 mA g -1 (0.1 C rate) in the voltage range 0.005-3 V. Cyclic voltammetry and impedance studies were reported to support the conversion reaction mechanism in α-Fe 2 O 3 .

Porous carbon-free α-Fe 2 O 3 films with two types of pore size distribution were prepared by electrostatic spray deposition, and they were characterized by X-ray diffraction, scanning electron microscopy and X-ray absorption near-edge spectroscopy. 134 The 200 o C-deposited thin film exhibits a high reversible capacity of up to 1080 mAh g -1 , while the initial capacity loss is at a remarkable low level (19.8%). Besides, the energy efficiency and energy specific average potential (E av ) of the Fe 2 O 3 films during charge/discharge process were investigated.

The results indicate that the porous α-Fe 2 O 3 films have significantly higher energy density than Li 4 Ti 5 O 12 while it has a similar E av of about 1.5 V. Due to the porous structure that can buffer the volume changes during lithium intercalation/de-intercalation, the films exhibit stable cycling performance. As a potential anode material for high performance LIBs that can be applied on electric vehicle and energy storage, rate capability and electrochemical performance under high-low temperatures were also investigated in this work.

Scientific issues of iron oxide in LIBs

Iron oxide (mainly α-Fe 2 O 3 ), as a transition-metal oxide, is based on a conversion reaction. In spite of a high specific capacity, iron oxide usually suffers from large voltage hysteresis between charge and discharge, which severely retards the round-trip efficiency of the electrode, and shows poor electronic/ionic conductivity, which is the main obstacle for improving the charge/discharge rate capability of the battery. Recent advancements of nanostructured materials open new opportunities to improve both the rate capability and cyclicality of this Li-ion anode. 136 Hereafter, surface and interface chemistry, thermodynamics and kinetics properties of this kind of conversion-type material, are emphasized to highlight the scientific issues on iron oxide in LIBs.

Surface and interface chemistry

It is believed that the surface and interface chemistry have important effects on the physico-chemical properties of the electrode materials. Surface and interface chemistry in LIBs on carbonaceous electrodes have been widely studied in literature.

For the conversion-type iron oxide which undergoes a large volume expansion during lithiation, surface and interface chemistry of the electrodes in LIBs is also crucial in determining the electrochemical performance of this material. The theoretical expansion for the conversion reaction (1-10) is 193% as deduced from molar volume calculation (30.5 cm 3 /mol for Fe 2 O 3 , 7.1 cm 3 /mol for Fe and 14.84 cm 3 /mol for Li 2 O). 65 
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Such a volume expansion is expected to not only fracture the iron oxide electrode, but also modify the SEI layer on the electrode surface. 65,[START_REF] Tian | Aging-induced chemical and morphological modifications of thin film iron oxide electrodes for lithium-ion batteries[END_REF] So, a systematic study of the surface and interface chemistry of the iron oxide in LIBs is one of the most important tasks of this work.

Thermodynamics and kinetics

Chemical thermodynamics is the study of the interrelation of heat and work with chemical reactions or with physical changes of state within the confines of the laws of thermodynamics. Chemical thermodynamics involves not only laboratory measurements of various thermodynamic properties, but also the application of mathematical methods to the study of chemical questions and the spontaneity of processes. From the first and second laws of thermodynamics, four equations called the "fundamental equations of Gibbs" can be derived. 137 For a deeper understanding of the Li storage phenomenon in iron oxide, systematic work on thermodynamic calculation with speculated chemical reactions is necessary. These thermodynamics aspects could be useful in order to understand the reaction mechanisms of the iron oxide and then to apply it as an anode for better LIBs.

The development of electrode materials with high rate capabilities, which will contribute mainly to the superior electrochemical kinetic, is a critical issue to commercialize rechargeable LIBs as a power source for EV/HEV. 138 The iron oxide (α-Fe 2 O 3 ) electrode suffers from poor electronic/ionic conductivity, which is the main obstacle for improving rate capability. So the future applications of such conversion electrode material lies in understanding and improving their kinetics, including lithium diffusion kinetics in bulk electrode and SEI layer.

Objectives of this work

As iron oxide (α-Fe 2 O 3 ) is an interesting candidate material for application as anode in LIBs, the electrochemical performance, surface and interface chemistry, thermodynamics and kinetics properties were investigated by a thin film approach in this work. These thin film oxide electrodes were prepared via simple thermal oxidation of iron metal substrate, without conductive carbon additives and binder (PVDF), so as to investigate thoroughly the conversion mechanism, aging mechanism and the SEI-induced surface passivation  Performance improving. One of the other main obstacles of iron oxide for LIB material is its high conversion potential (working voltage). In order to reduce the working voltage, binary metal oxide ((Fe, Cr)-oxide) was prepared to tune energy density and working voltage.

In order to investigate the conversion/deconversion mechanisms, aging mechanisms and surface passivation mechanisms of iron oxide for LIB anode, CV and EIS were performed in a half cell. For chemical characterization, surface and depth profile analysis of the lithiated and delithiated thin film electrodes was performed by means of XPS and ToF-SIMS, and for morphological characterization SEM and AFM were applied. The apparent diffusion coefficient of lithium (D Li ) into iron oxide thin film electrode was evaluated by combining CV, EIS and ToF-SIMS. (Fe, Cr)-binary oxide thin film electrodes were investigated by electrochemical (CV, galvanostatic cycling), spectroscopic (XPS, ToF-SIMS) and microscopic (SEM, AFM) analyses to uncover the influence of Cr ions in a mixed Fe-Cr binary oxide electrode.

Contents of the thesis

This thesis is based on a collection of chapters comprising results that have been presented either in international conferences, or published and/or submitted for publication in international journals. The papers have been arranged in the order described below. 4,22 However, they are not used in commercial LiBs due to capacity fading upon cycling, high operating potentials and poor lithiation/delithiation kinetics. These limitations are all related to the unique lithium storage mechanism, the so-called "conversion reaction", by which formation of amorphous lithium oxide (Li 2 O) and iron metal occurs. 1 In recent years, efforts have been made to improve the electrochemical properties of iron oxides as anode material. However, in these studies, iron oxides were widely investigated as powder and/or nanostructured materials for the purpose of improving electrochemical performance. 4,22,23 Only few studies focused on the preparation and electrochemical performance of thin film electrode without any conducting additives and binder 23,24 and, to our knowledge, no study used the thin film approach to address the conversion mechanism and the formation of the Solid Electrolyte Interphase (SEI) layer in details. Thin film electrodes without conducting additives and binder are more suitable for fundamental studies of energy storage mechanisms and interfacial modifications than powder electrodes since better suited for the application of surface and interface analytical methods.

Here we report on iron oxide thin film electrodes prepared via simple thermal oxidation of iron metal substrate used as current collector with the objective to investigate thoroughly the conversion mechanism and the SEI-induced surface passivation. Surface and depth profile analysis of the lithiated and delithiated thin film electrodes was performed with X-Ray Photoelectron Spectroscopy (XPS) and Time-of-Flight Secondary Ion Mass Spectrometry (ToF-SIMS). Cyclic Voltammetry (CV) in a half cell with 1 M LiClO 4 -PC as electrolyte was used to control the electrochemical lithiation/delithiation process and Electrochemical Impedance Spectroscopy (EIS) was applied to characterize the charge transfer process.

Formation and stability of the SEI layer and conversion/deconversion mechanism are discussed for the first cycle of lithiation/delithiation of iron oxide used as anode material for LiBs, with some preliminary electrochemical studies of the cycling performance of the iron oxide thin film electrode. More detailed analyses on the cycling-induced modifications of the electrode and its passivation film as well as the aging mechanisms will be discussed in Chapter 3.

Experimental section

Preparation of iron oxide thin films

Pure (99.99 wt%) iron plates (1 mm thick) were purchased from Goodfellow and then cut into square (8  8 mm 2 ) substrate samples. The surfaces were prepared by mechanical polishing with diamond spray down to 1/4 μm and then rinsed in ultrasonic baths of acetone, ethanol and Millipore © water (resistivity > 18 MΩ cm) for 2 min and dried in a flow of compressed air.

Iron oxide thin films were prepared by thermal oxidation in air. The samples were placed in a quartz tube that could be inserted in a cylindrical oven set in temperature at 300°C ± 5 o C. The samples were placed in the pre-thermalized oven for 5 min and then the quartz tube was quenched with 0 o C water for cooling. The average thickness of the pristine oxide thin films was 85 -95 nm as estimated from XPS depth profile analysis. Raman spectroscopy (Horiba Xplora system, Ar + laser, = 532 nm) was employed for phase identification of the thermal oxide.

Electrochemical measurements

All electrochemical measurements (CV and EIS) were performed in an Ar-filled glovebox (Jacomex) with H 2 O and O 2 contents lower than 1 ppm. A home-made three-electrode glass cell (see Appendix 1) similar to typical commercial cells was used with the iron oxide thin film (prepared as described above) as working electrode and two Li foils (Sigma-Aldrich) used as reference and counter electrodes (~2 cm 2 ). The surface of the counter or reference electrode was around 2 cm 2 . All potentials hereafter are given versus

Li/Li + . The cell was operated at room temperature using an Autolab (AUT30) electrochemical workstation. The geometrical working electrode area was delimited to 0.28 cm 2 by a O-ring. The electrolyte was 1 M LiClO 4 in propylene carbonate (1 M LiClO 4 -PC, Sigma-Aldrich). Cyclic voltammograms were recorded in the potential range 0.01 -3.0 V at a scanning rate of 0.2 mV s -1 , starting form OCP (~3.0 V) into the cathodic direction. For EIS measurements, the frequency range was 10 mHz to 1 MHz and the potential perturbation was 5 mV. The cell was kept at selected potential value for more than 30 min before performing EIS and the equilibrium of the cells was deemed to be reached when the change of voltage was less than 0.01 V in 10 min.

For surface and depth profile analysis the thin films were electrochemically treated at various stages of the first cycle. After scanning the potential to the selected value, the cell was disassembled and the samples were rinsed with acetonitrile (99.8%, Sigma-Aldrich) and dried with Ar flow. The samples were then transferred directly from the glovebox to the ultra-high vacuum XPS analysis chamber. 25 Thereafter, they were transferred in an air-tight vessel under argon atmosphere from the XPS to the ToF-SIMS system.

X-ray photoelectron spectroscopy (XPS)

XPS analysis was carried out on a VG ESCALAB 250 spectrometer with a UHV preparation chamber directly connected to the glovebox. Base pressure during analysis was XPS depth profiling was performed by combining analysis with Ar + sputtering performed in the preparation chamber. A 2 keV Ar + sputter beam giving 0.2 µA mm -2 of sample current yielded a calibrated etching rate of about 2.5 nm min -1 . The depth profiles were stopped after etching about 150 nm.

Time-of-flight secondary ion mass spectrometry (ToF-SIMS)

Depth profiling was also performed using a ToF-SIMS 5 spectrometer (Ion Tof -Munster, Germany). The operating pressure of the spectrometer was about 10 -9 mbar. A pulsed 25 keV Bi + primary ion source was employed for analysis, delivering 1.2 pA current over a 100 × 100 μm 2 area. Depth profiling was carried out using a 1 keV Cs + sputter beam giving a 70 nA target current over a 300 × 300 μm 2 area. Ion-Spec software was used for acquiring and processing the data. Negative ion depth profiles were recorded for better sensitivity to fragments originating from oxide matrices. and five E g modes (at 241, 287, shoulder near 287, 404 and 606 cm -1 ). The intense peak at 1313 cm -1 is assigned to two-magnon scattering which arises from the interaction of antiparallel close spin sites. 28 The peak at 659 cm -1 can be assigned to an A 1g mode of Fe 3 O 4 (magnetite). The relative intensities of the peaks at 241, 404 and 1313 cm -1 are much higher than reported in the literature for reference compounds, 23,28,29 which is indicative of the presence of α-FeOOH (goethite) also supported by the XPS data presented below. Diffraction. 21 The sharp and intense cathodic peak located at 0.75 V corresponds to the process of electrochemical reduction of lithium with iron oxide (mainly α-Fe 2 O 3 ), as described by Equation (1): 

Results and discussion

Raman phase identification

Electrochemical properties of iron oxide by cyclic voltammetry and electrochemical

     ( 1 )
This cathodic peak has also been assigned to the electrochemical formation of the SEI layer by reductive decomposition of the electrolyte on the surface of other conversion-type electrode material such as Cr 2 O 3 , on which the reaction is expected to be similar to that on Fe 2 O 3 . The reaction is described by Equation ( 2

): 5   2 3 3 2 _ 3 6 4 2 2 CH CH CH CO Li e Li PC O H C       ( 2 )
In the anodic scan, there is a broad peak centered at 1.55 V, which is related to the deconversion process of Li 2 O with metallic iron (Fe 0 ) and can be described by Equation (3):

_ 3 2 2 6 6 2 3 e Li O Fe Fe O Li      ( 3 )
The coulombic efficiency calculated from the ratio of integral of anodic to cathodic is only 71 %, which can be assigned to incomplete reversible deconversion and some charge irreversibly consumed to form the SEI layer.

The potential values at different stages of lithiation (cathodic) and delithiation (anodic) process for EIS, XPS and ToF-SIMS analyses are marked on the CV: 1.2 V (before cathodic peak), 0.01 V (at cathodic vertex potential), and 1.2 V (before anodic peak), 1.8 V (after anodic peak), and 3.0 V (at anodic vertex potential). The cathodic capacity (96.2 mC cm -2 ) is much higher than anodic capacity (68.0 mC cm -2 ) in the first CV cycle, which presents a high initial irreversible capacity related to electrolyte decomposition and formation of the SEI layer as discussed before. The reversible capacity for the cathodic process is slightly decreasing with the cycle number to reach ~82 % of the first cycle at 15th cycle. A low columbic efficiency (~70%) observed in the beginning of cycling, stabilize at higher cycling number and attains 92% in the end of cycling. More detailed studies concerning the cycling performance of thin film iron oxide electrode and its morphological and chemical modifications induced by electrochemical lithiation/delithiation process will be discussed in Chapter 3.

As widely discussed in EIS studies of intercalation/deintercalation-type materials, [34][35][36][37] a semi-circle in the high frequency spectral region relates to charge transfer resistance and a straight line at 45 o against real axis in the low frequency range corresponds to a Warburg impedance, which is valid in the semi-infinite diffusion conditions. 38 However, for conversion-type Fe 2 O 3 , a phase change characterizes the lithiation/delithiation process. 21,23 So it seems that some impedance parameters (such as Warburg impedance describing solid-state diffusion of Li + in α-Fe 2 O 3 ) may not be as meaningful as for intercalation/deintercalation-type materials because of this phase change. The high electrolyte resistance (~156 Ω cm 2 ) observed for all analysed samples is due to the geometrical configuration of the 3-electrode cell (i.e. large distance between working, reference and counter electrodes) and not a poor electrolyte conductivity which is a classical known electrolyte used in LiB. For the pristine sample (at OCP) the EIS shows an almost straight line without any obvious semi-circle in the high frequency region, implying that the system represents only a bulk solution resistance before any lithiation occurs. 39 Moreover, the slope of the line is the highest at this stage, which is probably due to finite diffusion in the limited thickness of the unmodified thin film electrode.

With lithiation, a depressed semi-circle appears at high frequency. The presence of one-semicircle was also observed in several previous studies performed on the iron oxide electrode. 23,32,[40][41][42] The varying diameter of the depressed semi-circle indicates a gradual increase of a charge transfer resistance from ~14 Ω cm 2 in the lithiated state at 1.2 V to ~32 Ω cm 2 in the completely lithiated state at 0.01 V. It is conjectured that this increase is related to the growth of the SEI layer on the thin film electrode, as previously reported. 43 If so, the present data indicates that growth of the SEI layer would be initiated already at 1.2 V before conversion of the electrode, which is confirmed by the XPS data presented below. In It is only at 3.0 V that the semi-circle nearly vanishes, indicating further but not complete decomposition of the SEI layer at this stage. At low frequency, only a slightly higher slope is observed at 1.8 V after deconversion, suggesting that the reaction may not be fully reversible at this stage. At 3.0 V, the slope markedly increases but remains lower than for the pristine sample indicating that the electrochemically-induced modifications of the electrode are not fully reversible.

Modification of iron oxide thin film upon the first lithiation/delithiation shown by

XPS

The XP C1s, O1s, Fe2p, Fe3p-Li1s core levels and VB region spectra for the pristine iron oxide thin film and samples treated at the selected potentials are shown in Figure 4.

Binding energies (E B ), full widths at half-maximum (fwhm) and relative intensity of the component peaks obtained by peak fitting are given in Table 1. (carbonyl) and/or O=C-O (carboxyl) bonds, respectively. 5,44,45 The major oxygen component peak at E B (O1s A ) = 530.0 eV is attributed to Fe-O bonds in the iron oxide matrix. The minor component at E B (O1s B ) = 531.6 eV can be ascribed to surface contamination (C=O bonds and/or O=C-O bonds). 44,45 This component can also correspond to hydroxyl groups. 46 These species would originate from iron oxyhydroxide (FeOOH) which presence is also confirmed by the Fe2p core level. A third component at E B (O1s C ) = 532.8 eV, corresponding to water molecules, 5 is barely observed on the pristine film.

The Fe2p spectrum shows the 3/2-1/2 spin orbit doublet. Only the Fe2p 0<x≤2) previously observed at this potential. 21,22 The formation of Fe(II) is confirmed by the enlargement at lower binding energy of the Fe3p-Li1s peak between 50 to 60 eV. Thus, both the CV data and the XP O1s, Fe2p and Fe3p-Li1s spectra are consistent with the intercalation of lithium in the iron oxide matrix at 1.2 V. According to Larcher's work on Fe 2 O 3 nanoparticles, there is less than 2 mol

Li per Fe 2 O 3 intercalated into the electrode at this stage. 19 Here, Li After lithiation to 0.01 V, the Fe2p intensity is completely attenuated by the growth of the SEI layer, like observed for other anode materials in the lithiated state. 5,17,49 Consistently, full attenuation of the O1s A component and Fe3p peak is also observed (only a sharp Li1s peak is observed at about 55 eV). The SEI layer can be estimated to be at least 10 nm thick. The XP C1s and O1s core levels show no major change of the SEI layer composition, still dominated by the presence of Li 2 CO 3 and with ROCO 2 Li as minor constituent. In the VB region, different features can be distinguished. The composite peak between 20-30 eV can be assign to O2s band. For the pristine sample, a much narrow peak at ~21-22 eV can be attributed to O2s from the iron oxide. Similarly the composite peak between 3-8 eV observed on the pristine sample corresponds to O2p band from iron oxide. For the sample lithiated at 1.2 V, these peaks are overlapped with peaks that can be assigned to carbonate anion molecular orbitals (MO). After lithiation to 0.01 V, the composite peaks at 20-30 eV and 3-8 eV correspond entirely to MOs of carbonate. New peaks at ~10.0 and ~13.0 eV are representative of C-O bond in Li 2 CO 3 . 50,51 The presence of Li 2 CO 3 is thus confirmed to be the major component of the SEI layer like observed on other anode materials in the lithiated state. 5,11,17,18 After delithiation at 1.2 and 1.8 V, the XP Fe2p and Fe3p core levels are still fully attenuated by the SEI layer, which precludes any discussion of the deconversion mechanism. Only after delithiation at 3.0 V, some signal arise in the Fe2p region, confirming further decomposition of the SEI layer in this later stage of the delithiation process. Consistently, the Fe3p-Li1s peak is lightly enlarged at higher binding energy.

This phenomenon has also been reported for carbon materials 52 and rutile TiO 2 . 49 The Such a volume expansion is expected to fracture the oxide thin film, which may be one reason for the inferior cycling performance of this kind of material. Indeed, large volume changes induced by cycling have been reported to fracture large hematite particle in contrast to nano-rods which undergo only pulverisation but no electrode damage. 54 According to the XPS data presented above, the thickness expansion for the sample lithiated to 0.01 V can be estimated to about 170% (150 nm/(85-95 nm)), which is slightly lower than the theoretical value of volume expansion and consistent with an incomplete conversion of the thin film electrode, also shown by the XPS.

C1s

ToF-SIMS depth profiles analysis of pristine, lithiated and delithiated samples

The SEI layer region has a width of ~80 s in sputtering time (from ~20 s to ~100 s). The interface between the SEI layer and the converted oxides is well marked by the Li-containing ions (Li -, LiO -). Under the SEI layer, a plateau with a stable intensity of the Li-containing ions is observed, which can be assigned to the main converted region of the oxide film (reacted region, RR in Figure 6 and Sn-Ni alloys. 5,17,18 For the sample delithiated to 3.0 V (Figure 6 (c)), the sputtering time to reach the substrate has decreased to about 300 s, reflecting volume shrinking upon delithiation.

However, this value is higher than for the pristine film, which is a first indication of a non-fully reversible lithiation process. The Fe-containing ions (FeO -, FeO Li-containing ions are markedly present in the delithiated sample. This evidences that there is some lithium trapped in the deconverted oxide, indicating that the process is not totally reversible. This points to a delithiation process being mainly limited by mass transport to the electrolyte/oxides interface as observed above for the lithiation process. This was also observed previously for Cr 2 O 3 . 

Introduction

Compared with commercially used graphite, iron oxide (Fe 2 O 3 ), since reported as negative electrode material for lithium-ion batteries (LiBs), has attracted attention due to its high capacity (six Li react per formula unit yielding a theoretical capacity of 1007 mAh g -1 ), environmental friendliness, abundance and low cost. [1][2][3][4][5][6][7] However, despite such advantages, rapid capacity loss upon cycling, drastic volume changes and inferior rate capability are drawbacks for commercial development. 6,7 One issue, affecting cycling performance and rate capability of the battery, is the control of the complex electrode/electrolyte interfacial properties that requires better understanding of the surface of the electroactive material in interaction with the electrolyte. [8][9][10] The main electrode/electrolyte interfacial reactions for metallic oxide anodes in LiBs are formation of Solid Electrolyte Interphase (SEI) layer and displacement, or so-called conversion, of metal oxides by Li ions to form lithium oxide and metal. The SEI, critical for the reversibility of the cycling performance, 11 has been widely studied on negative electrodes such as graphite. 8,[12][13][14][15][16][17][18][19] However, for transition metal oxides, it is rarely studied especially during cycling.

Recently, SEI layer formation and conversion/deconversion mechanism of iron oxide (Fe 2 O 3 ) thin film without conducting additives and binder were thoroughly studied during the first lithiation/delithiation cycle using a thin film approach enabling the application of surface science analytical techniques like X-ray Photoelectron Spectroscopy (XPS) and Time-of-Flight Secondary Ions Mass Spectrometry (ToF-SIMS) for chemical characterization. 20 

Experimental methods

The iron oxide thin films were prepared by thermal oxidation of iron foil (99.99 wt%, Goodfellow) at 300 ± 5 o C in air at ambient pressure during 5 min, as previously described in more details in Chapter 2. 20 The thermally grown thin films were crystallized to thermodynamically stable α-Fe 2 O 3 (hematite) with a small amount of Fe 3 O 4 (magnetite) and FeOOH with the average thickness of 90 nm as estimated from XPS depth profile analysis performed with a calibrated Ar + sputtering rate of ~2.5 nm min -1 . 20 A consistent thickness value of ~95 nm was obtained by profilometry after ToF-SIMS depth profiling.

Cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS) were performed in a three-electrode glass cell with iron oxide as working electrode (0.28 cm 2 area delimited by a Viton O-ring) and Li foil (Sigma-Aldrich) as reference and counter electrodes.

The electrochemical experiments were performed in an Ar-filled glovebox (Jacomex) with and a resonance frequency of 282.6 kHz. AFM data visualization and analyses (average value, RMS) were performed with the Gwyddion 2.31 software.

Results and discussion

Galvanostatic cycling

The initial, second, tenth, and fiftieth galvanostatic discharge-charge curves and the cycling performance and evolution of the coulombic efficiency of the thin-film electrode in the potential range of 3.0 -0.01 V are presented in Figure 1. In the initial discharge curve (Figure 1 (a)), the potential drops rapidly to a very short plateau at about 1.7 V, followed by continuous decrease until a long plateau at approximately 0.84 V.

The short plateau around 1.7 V corresponds to the lithiation process of thin-film anode to form Li 0.03 Fe 2 O 3 , as confirmed by in situ X-ray diffraction on micrometric α-Fe 2 O 3 particles 21,22 and by XPS in Chapter 2. 20 The plateau at about 0.84 V corresponds to the main lithiation process of iron oxide together with formation of the SEI layer due to solvent (propylene carbonate) reductive decomposition, as discussed previously. 20 Upon subsequent charge, the voltage increases continuously with no noticeable potential plateau around 1.7 V, which has been assigned to biphasic coexistence of nanometer-sized metallic Fe (Fe 0 ) and amorphous Li 2 O during the delithiation reaction. 2,23 Moreover, the initial discharge-charge curves indicate a marked hysteresis in voltage between charge at 1.2-2.1 V and discharge at 0.8 V. This is one drawback which currently limits both the energy efficiency and the power capabilities of batteries using materials undergoing conversion reactions in practical cells. 4 In the second discharge curve, one plateau develops at about 1.5 V and another at about 0.88 V, which is indicative of a two-step lithiation process typical of nanometric Fe 2 O 3 materials. 21,22 The presence of nanometric Fe 2 O 3 material in our case can be entailed to pulverization during the first lithiation/delithiation process. The initial compact iron oxide thin film, would form a defective, porous-like layer with presence of smaller nano-particles, as supported by the SEM data presented further on. These results also show that the morphological modifications of the thin-film electrode induced by discharge-charge play a significant role in determining the characteristics of the discharge curves.

In the tenth cycle, the plateau at about 1.5 V has evolved into a slope, which may be caused by Li + trapping in the electrode during cycling. In the fiftieth cycle, even the main plateau (at ~0.85 V) indicating conversion vanished in the discharge curve, showing a non-fully reversible conversion/deconversion process.

The cycling performance and evolution of the coulombic efficiency up to 50 cycles are shown in Figure 1 (b). The initial discharge capacity (42.8 μAh cm -2 ) is much higher than the charge capacity (30.0 μAh cm -2 ), with a high irreversible capacity (coulombic efficiency of 70.1%) related to the formation of SEI layer and a non-fully reversible conversion/deconversion process in the first lithiation/delithiation cycle. In subsequent cycles, the discharge and charge capacities are almost equal with a coulombic efficiency of ~100% until 39 th cycle, which indicates excellent electrochemical reversibility. From the 40 th to 50 th cycle, the coulombic efficiency is slightly inferior but still higher than 95%. It is interesting to note that the charge capacity in the first 4 cycles increases with cycle number, which was also observed in earlier works. 4,23 The capacity increase is most likely caused by pulverization of the thin-film electrode with formation of nanometric Fe 2 O 3 material, leading to increase of specific surface area (large electrolyte-electrode contact area) and enabling smaller diffusion lengths and improving reaction kinetics. Smaller nano-particle will also better accommodate strains induced by lithium insertion. 24 , 25 One can notice that these morphological modifications could alter the electrolyte decomposition and contribute in the capacity increase. However, it should be emphasized that the most significant electrolyte decomposition occurs principally in the first discharge process, as proved by CV, EIS, XPS and ToF-SIMS. This anode material does not show a good capacity retention ratio with only about 63% of the initial discharge capacity retained after 50 cycles. However, a better capacity retention ratio (78.3%) is calculated with respect to the second cycle.

From the Fe 2 O 3 film thickness of about 90 nm (~13.2 μg) estimated by XPS and confirmed by ToF-SIMS, the specific capacity in the first discharge process is 907.5 mAh g -1 , which is smaller than the theoretical value of 1007 mAh g -1 for Fe 2 O 3 . Moreover, the charge contribution related to the SEI layer formation is also included. Thus, it can be concluded that the whole thin-film iron oxide electrode is not totally converted to metallic Fe and Li 2 O during the first discharge process, in agreement with work in Chapter 2 that showed limited ingress of the conversion reaction. 20 The second discharge capacity is about 729.2 mAh g -1 , which is 80.3% of the initial discharge capacity. This capacity is mainly related to the conversion reaction of Fe 2 O 3 to metallic Fe and Li 2 O. [20][21][22] After 50 cycles, the discharge capacity is ~571.3 mAh g -1 , which is much lower than the theoretical capacity but still much higher than the capacity of the commercial graphite electrode (372 mAh g -1 ). Figure 2 shows the first 15 cyclic voltammograms of the iron oxide thin-film electrode.

First 15 cyclic voltammograms of the iron oxide thin-film electrode

In the first CV, a sharp cathodic peak located at about 0.75 V is observed upon electrochemical reduction. It corresponds to the conversion reaction of iron oxide with lithium and to the formation of the SEI layer. The coulombic efficiency calculated from the ratio of the anodic charge to cathodic discharge is 70.7%, in excellent agreement with the galvanostatic discharge-charge data. A broad shoulder is also observed from 1.6 V to 1.0 V in the reduction process. It corresponds to the intercalation of Li + into Fe 2 O 3 to form the Li-poor intermediate product Li x Fe 2 O 3 (0 ≤ x < 1). 5,[20][21][22] One main anodic peak around 1.55 V with two shoulder peaks at about 1.2 V and 1.8 V are observed upon electrochemical oxidation.

They correspond to the delithiation process of different valence state of iron, as discussed in Chapter 2. 20 In the second CV cycle, a well-defined peak at about 1.5 V emerges in the reduction process and remains nearly stable in the subsequent cycles. According to literature, [20][21][22]26 this peak would correspond to the intercalation of Li + into Fe 2 O 3 nanoparticles to form the intermediate product Li x Fe 2 O 3 (0 ≤ x < 2). The intensity of this peak is much larger than that of the broad shoulder in the first CV, thus displaying features of Li + intercalation into nano-Fe 2 O 3 . This supports a pulverization process of the thin-film electrode also inferred from the galvanostatic discharge-charge data and revealed by the SEM results discussed below. Thus, according to previous studies [20][21][22][23][24][25][26] and the present data, the electrochemical (de)conversion mechanism of the iron oxide (mainly Fe 2 O 3 ) thin film with lithium proceeds in two steps described by the following equations:

3 2 _ 3 2 O Fe Li xe xLi O Fe x     (0 ≤ x < 2) (1) Fe O Li e x Li x O Fe Li x 2 3 ) 6 ( ) 6 ( 2 _ 3 2        (0 ≤ x < 2) (2) 
And the net global reaction is:

Fe O Li e Li O Fe 2 3 6 6 2 _ 3 2      ( 3 )
The significant intensity decrease of the cathodic peak at 0.75 V in the second CV indicates that the SEI layer is mostly formed in the first CV, which is also supported by the EIS data presented as Supporting Information at the end of this chapter and proved by the XPS and ToF-SIMS results presented below. Upon subsequent cycling, the peak at 0.75 V first stabilizes in position and then decreases in intensity in good agreement with the evolution of the discharge capacity observed in the galvanostatic cycling. The cathodic peak intensity at 1.5 V is not significantly modified during the subsequent cycling. A stable current intensity of this peak indicates that the process of intercalation corresponding to this peak (as discussed above) is more stable in comparison to the conversion process where the significant changes of intensity of peak located at 0.75 V were observed.

Surface chemistry upon cycling studied by XPS

The XP C1s, O1s and Fe2p core level spectra of pristine and cycled samples are shown in Figure 3. Table 1 compiles the values of the binding energy (E B ) and full width at half maximum (FWHM) of the fitted C1s and O1s component peaks. The C1s signal of the pristine sample (Figure 3 amount, as discussed in Chapter 2. 20 After 1 CV cycle, the intensity of the Fe2p core level decreases strongly, in parallel with the attenuation of the O1s A component peak, due to formation of the SEI layer. Moreover, the Fe2p peak is also shifted to lower binding energy, which suggests formation of Fe(II) oxide and thus a non-fully reversible electrochemical process, as discussed previously. [20][21][22][23][24] However, precise peak identification and assignment is difficult due to the weak intensity signal. Further intensity attenuation is observed after 3 CV cycles up to complete attenuation after 15 CV cycles. The same phenomena can be observed for the Fe3p core level (as shown in Supporting Information section of this chapter). This is due to the SEI layer growing in thickness with increasing cycle number. Thus these data show that although the SEI remains stable in composition it thickens upon multi cycling.

Surface and bulk modification analyzed by (ToF-SIMS)

The ToF-SIMS negative ion depth profiles of the pristine and cycled (1 and 15 CVs) samples are shown in Figure 4. The intensity variation (presented in logarithmic scale) with sputtering time reflects the modification of the in-depth concentration but is also dependent on the matrix from which the ions are emitted. 37 Li trapping in the electrode material is confirmed by the high intensity of Li -ions in the thin film region, increasing from ~2000 to 10000 counts for 1 and 15 CVs, respectively. This intensity increase coincides with an intensity decrease of the FeO 2 -and Fe 2 O 3 -ion profiles plateaus in the thin-film region (i.e. from 50000 to 20000 and 5000 for the FeO 2 -ions after 0, 1 and 15 CV cycles, respectively). This is indicative of a non-fully reversible conversion reaction as previously discussed, 20 leading to accumulation of non deconverted material in the thin-film electrode with repeated cycling. This aging mechanism may contribute to the decrease of the capacity revealed by the galvanostatic discharge-charge data.

The Li -and LiO -ion profiles are also markers of the SEI layer formation and evolution. After 1 CV, both profiles exhibit maxima during the first seconds of sputtering before stabilizing in the bulk thin-film region. These peaks clearly stand for the presence of the SEI layer enriched with Li. However, the higher Li concentration in SEI layer than in the electrode bulk can be related to increase sputtering yield of the SEI matrix in comparison to bulk electrode material. After 15 CV cycles, these peaks become less well-defined. This is due to the intensities of the Li -and LiO -ion profiles increasing more in the thin-film region than in the SEI layer region. Thus not only non deconverted lithium species would accumulate in the bulk of the oxide thin film upon repeated lithiation/delithiation of the electrode material but the pulverization-induced morphological changes of the material would also induce penetration of the SEI layer into the oxide thin film. One also notices steady intensities of the Li -and LiO -ion profiles until the substrate region after 15 CV cycles, indicating that penetration of the SEI layer would reach the oxide film/metal substrate interface. 

Morphology modifications studied by SEM and AFM

(d)

Grain growth by aggregation may also occur here but thickening and penetration of the SEI layer, as shown by XPS and ToF-SIMS, can play a significant role in blurring the thin-film morphology. These modifications can have a significant influence on capacity fading. No pinholes are observed suggesting no loss of active material in these aging conditions.

Topographic AFM images of the iron oxide thin film electrodes before and after electrochemical lithiation (1/2 CV) and delithiation (1 and 15 CV cycles) are shown in Figure 6. Obviously, repeated volume expansion/contraction of the conversion-type electrode material combined with SEI layer penetration in the bulk of the thin film, as inferred from the ToF-SIMS data, leads to irreversible swelling of the electrode material. This phenomenon, generalized at the microscopic scale, is inhomogeneous at the nanoscopic scale and promoted at defect sites of the metal surface substrate, at least in the initial stages of aging.

Conclusions

These electrochemical (CV, EIS), spectroscopic (XPS, ToF-SIMS) and microscopic (SEM, AFM) data obtained on iron oxide (mostly Fe 2 O 3 ) using a thin film approach combine consistently to demonstrate that both the SEI layer and iron oxide thin film anode evolve during multi-cycling which influences the performance of iron oxide as anode in LIBs.

The following conclusions are drawn: 



Supporting Information for Chapter 3

Electrochemical impedance spectroscopy (EIS) is one of the most adequate in situ electrochemical techniques for analysis of electrode/electrolyte interfacial properties including formation of the SEI layer. [1][2][3] Herein, the EIS measurements were carried out at room temperature after cumulated CV cycles in order to evaluate the evolution of the SEI layer upon cycling. The EIS spectra are presented in Fig. S1.

The ions on the surface of the thin-film electrode, as usually observed on non-cycled electrode at OCP. [3][4][5][6][7][8] The electrolyte resistance is about 153 (ohm cm 2 ) as determined from high-frequency intercept of the Z'-axis. were first reported as anode materials for lithium-ion batteries by Poizot et al. [1][2][3][4] These types of materials exhibit reversible capacities up to three times higher than graphite electrodes. Among the transition metal oxides, hematite (α-Fe 2 O 3 ) is one of the most interesting and important metal oxide, for its high theoretical capacity (1007 mAh g -1 ), abundance and low cost, low toxicity and environmental friendliness. Since reported as one of the conversion-type material by D. Larcher et al., 5,6 it has been studied as candidate anode material for lithium-ions batteries.

However, α-Fe 2 O 3 suffers from poor electronic/ionic conductivity, the main obstacle for improving rate capability which is a primary demand for high power equipment such as EVs.

The future application of such a conversion-type material lies in mastering its electrochemical performances that depend on electrode reactions, interphase chemistry and ion mobility (i.e. lithium diffusion into iron oxide). 7,8 Relatively little attention has been devoted to understanding the diffusion mechanisms by which Li + ions migrate through the SEI into the bulk electrode material during the discharge/charge process, and to determine apparent diffusion coefficient of lithium (D Li ).

Li + ions migration into graphite (intercalation-type) and silicon (alloying-type) anodes has been studied by various techniques including electrochemical impedance spectroscopy (EIS), [9][10][11][12][13][14] cyclic voltammetry (CV), 12, 15 , 16 potentiostatic intermittent titration technique (PITT), 10,12,17 galvanostatic intermittent titration technique (GITT) 12,18 and potential relax technique (PRT). 19 However, for conversion-type material (e.g. iron oxide), ionic migration has been rarely studied due to lack of theoretical model. It is generally believed that the kinetic regime is a conversion-controlled rather than a diffusion-controlled process. However, in our previous work, conversion proceeding mostly in the outer part of the iron oxide thin film electrode during the lithiation process has been confirmed. 20 This was also observed previously for conversion-type Cr 2 O 3 . 21 In this case, Li + ions migration primarily through the SEI and the converted matrix (Li 2 O/Fe 0 ) then through the non-converted bulk oxide material (Fe 2 O 3 )) can be assumed as a one-dimensional diffusion process.

In this study, in order to investigate thoroughly the lithiation kinetics of conversion-type iron oxide, three methods were combined to evaluate the diffusion coefficient of Li ions (D Li ):

(1) cyclic voltammetry (CV) performed at different scan rates; 22 (2) electrochemical impedance spectroscopy (EIS); 23 , 24 matrices can be obtained. Moreover, in order to characterize the kinetics of formation, decomposition and stability of the SEI layer formed on iron oxide electrode during lithiation and delithiation processes, X-ray photoelectron spectroscopy (XPS) was applied to analyse the compositional changes of the iron oxide thin film and SEI layer at selected potentials of discharge/charge.

Experimental methods

An iron foil (Goodfellow, purity: 99.5 wt%; thickness: 0.05 mm) was polished with diamond spray down to 1/4 μm, then successively rinsed in acetone, ethanol and Millipore © water (resistivity > 18 MΩ cm) with ultrasonic cleaning for 2 min and dried in a compressed air flow. This as prepared iron foil sheet was annealed at 300 o C for 5 min under air atmosphere and then quenched with 0 o C water. 20 Then the oxidized sheet was cut into 8 × 8 mm 2 squares for later use. The average thickness of the oxide thin films was 125 nm as evaluated by profilometry after ToF-SIMS depth profiling on the pristine sample. Raman spectroscopy (Horiba Xplora system, Ar + laser, = 532 nm) was employed for phase identification of the thermal oxide. For XPS and ToF-SIMS analyses, the thin films were electrochemically treated at various stages of the first discharge-charge cycle. After discharge-charge to the potential of interest, the cell was disassembled and the sample was rinsed with acetonitrile (99.8%, Sigma-Aldrich) and dried with Ar flow. It is then transferred directly from the glovebox to the ultra-high vacuum XPS 25 or ToF-SIMS analysis chamber.

Li -ion depth profiles were acquired using a ToF-SIMS 5 (Ion Tof -Munster, Germany).

The operating pressure of the spectrometer was about 10 -9 mbar. A pulsed 25 keV Bi + primary ion source was employed for analysis, delivering 1.2 pA current over a 100 × 100 μm 2 area.

Depth profiling was carried out using a 1 keV Cs + sputter beam giving a 70 nA target current over a 300 × 300 μm 2 area. The Ion-Spec software was used for data acquisition and processing.

Surface chemical analysis was performed using a XPS (VG ESCA-LAB 250 spectrometer) operating at 2 × 10 -9 mbar with an Al Kα monochromatized radiation (hν = 1486.6 eV). Survey spectra and high resolution core level spectra were recorded with a pass energy of 100 eV and 20 eV, respectively. Peak fitting was performed with the Avantage software v. 3.13, using a Shirley type background and Lorentzian/Gaussian (30/70) peak shapes. The binding energies were calibrated by setting the C1s hydrocarbon (-CH 2 -CH 2 -) peak at 285.0 eV.

Results and discussion

Structure and composition

The structure and surface composition of the iron foil samples before and after oxidation are shown in Figure 1. Figure 1(a) shows the Raman spectra in the range of 100 -2000 cm -1 .

There is no detectable crystallized oxide phase on the metal iron surface before oxidation. After oxidation, the surface oxide was crystallized to α-Fe 2 O 3 (hematite) with a small amount of Fe 3 O 4 (magnetite) and FeOOH as discussed in chapter 2. 20,[26][27][28] The XPS survey spectra In the reduction half-cycle, the CV curve shows a current increase from about 1. and the initial formation of the solid electrolyte interface (SEI) on the surface of the thin film electrode as discussed in chapter 2. 5,6,20 An apparently non-fully reversible reduction peak appears at 0.75 V, which is related to the reduction of Fe 2 O 3 to metallic Fe and Li 2 O. 5,6,29,30 This reduction process also overlaps partially with the broad cathodic peak corresponding to formation of the SEI film, leading to the irreversible capacity loss in the first cycle as discussed in chapter 3. 20,30 In the anodic scan, a broad peak centered at ~1.56 V indicates an oxidization process of Li 2 O with metallic iron. The heterogeneous solid-state uptake/extraction reaction during the lithiation/delithiation process could be written according to the following equation: 5,6,20,30 

Diffusion evaluation from cyclic voltammetry

Fe O Li Li O Fe 2 3 6 2 3 2    ( 1 ) 
For this reaction, if the cell is simply considered as conventionally described:

O Li Fe O Fe Li Li 2 0 3 2 ,  ( 2 ) 
the thermodynamic equilibrium voltage or so-called electromotive force (EMF) value E can be calculated using the Nernst equation from the Gibbs free energy change:

nEF G r    ( 3 ) 
where n refers to the number of electrons transferred during the reaction and F is the Faraday constant. In our experimental conditions, the pressure is approximately equal to standard pressure (p 0 = 0.1 MPa) and T = 298.15 K (experimental temperature is 25 o C). In this case, the Gibbs free energy change (Δ r G) is equal to the standard Gibbs free energy change (Δ r G o ). 4,31,32,33 The theoretical EMF value (E) for reaction (1) is 1.631 V, which is consistent with re-oxidation potential (1.56 to 1.91 V) in the anodic process but much higher than the electrode reduction potential (0.75 V) in the cathodic process due to the slow mass transport limited kinetics of this conversion-type material.

If this conversion/deconversion reaction of the lithiation/delithiation process is deemed as an approximate reversible process according to equation ( 1), the apparent diffusion coefficient of lithium (D Li ) can be calculated from the CVs performed at different scan rates using the following equation: 16,34-36
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which can be simplified for experiments run at room temperature to:
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where n is the number of electrons per reaction species, A the geometric area of the working electrode, 0.28 cm 2 , D Li the apparent diffusion coefficient of Li in the electrode, ΔC O the change in Li concentration corresponding to the specific electrochemical reaction and ν is the scan rate. At very slow scan rate, Li + accumulates in the bulk of the thin film and in this case the peak current (I p ) varies linearly with the square root of the scan rate (ν 1/2 ) according to equation (5). In the present case, as shown in Figure 2 (b), I p is indeed approximately proportional to the square root of the scan rate (ν) confirming a diffusion-controlled behavior. From the slope of the linear fit, the calculated diffusion coefficients corresponding to the cathodic and anodic electrochemical reactions are D LiC =1.7×10 -15 cm 2 s -1 and D LiA =2.4×10 -16 cm 2 s -1 , respectively.

These diffusion coefficients are 7 orders of magnitude lower than that obtained for TiO 2 /C nanocomposite (1.07×10 -8 cm 2 /s) 37 or nanosized tin (4.15×10 -8 cm 2 s -1 ), 36 5 orders of magnitude lower than that obtained for graphite film electrode (10 -9 -10 -11 cm 2 s -1 ) 16,38,39 and even 2 orders of magnitude lower than that obtained for amorphous silicon thin-film electrodes (~10 -13 cm 2 s -1 ) as calculated from cyclic voltammetry data. 40,41,42 These quite low values of the diffusion coefficient suggest that the iron oxide has poor kinetic properties, which will lead to inferior charging and discharging behavior. It is well known that the diffusion coefficient should be smaller than D LiC and larger than D LiA due to the SEI layer contributing to the kinetics of the first cathodic process and non-fully reversible reaction in the anodic process. The profiles exhibit an inclined plot between 1.9 and 1.0 V and an extended potential plateau at ~0.84 V in the first discharge curve. The slope corresponds to the early stage of lithiation leading to formation of the Li x Fe 2 O 3 (0<x≤2) intermediate. The plateau at ~0.84 V is assigned to lithiation of iron oxide with formation of Li 2 O/Fe 0 and also to the formation of SEI layer due to reductive decomposition of electrolyte. In the charge curve (delithiation process), the region from ~1.0 to ~2.0 V corresponds to the reversible oxidation of Fe 0 to Fe 3+ , which is consistent with CV measurements. More details of the electrochemical properties for iron oxide thin film electrodes have been reported in chapters 2 and 3. 20,43 The points marked at different stages of lithiation/delithiation on the discharge/charge curves were selected for the EIS and XPS measurements. They correspond to the open circuit potential (OCP), the potential at the slope of first discharge (1.2 V), the potential at the plateau of first discharge (0.84 V, also selected for ToF-SIMS analysis), the end point of first galvanostatic discharge (0.01 V), the potential at the plateau of first charge (1.7 V) and the end point of first galvanostatic charge (3.0 V).

Galvanostatic discharge-charge

Diffusion evaluation from EIS

Figure 4(a) shows the EIS spectra obtained at different lithiation/delithiation stages after the potential relaxation necessary for obtaining stationary conditions. As already discussed in the literature, 24, 44 , 45 different regions can be generally distinguished in electrochemical impedance spectra as a function of frequency: the high frequency semicircle that relates to the resistance corresponding to Li + migration through SEI layer, the medium frequency semicircle that corresponds to charge transfer resistance between SEI layer and electrode interface, and the low frequency that is attributed to Warburg impedance (diffusion of Li + in the bulk electrode) and insertion capacitance (accumulation of Li + in the electrode). In order to obtain the diffusion coefficient of Li ions (D Li ) into the iron oxide electrode, only the low frequency region attributed to Warburg impedance was considered for calculation.

The lithium diffusion coefficient can be deduced from the Warburg impedance, Z W , as follows:

2 / 1 w ) 1 (      j Z W ( 6 
)
where ω is the radial frequency, and σ w is the Warburg impedance coefficient. The diffusion coefficient of the lithium ions (D Li ) into the electrode materials is then given by the following equation: 46-48
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where R is the gas constant, T the absolute temperature, C the molar concentration of Li + ions (C (mol cm -3 ) = n Li (mol)/V (cm 3 ) = [(I×t) C/1.6×10 -19 C/6.02×10 23 mol -1 ]/V (cm 3 ), with V=3.5 ×10 -6 cm 3 ), A the apparent surface area (here the geometric electrode area, 0.28 cm 2 , is used for simplicity), and F the Faraday constant. Relation ( 7) is valid only if the semi-infinite diffusion conditions are fulfilled (ω=2πƒ>>2D Li /L 2 where L is the finite length). The values of σ w , C and D Li at various electrode potentials are listed in Table 1.

Table 1 Values of σ w , C and D Li at various electrode potentials as determined from EIS data in the first discharge-charge cycle.

At OCP, the molar concentration of Li + ions in the electrode is close to zero and D Li is theoretically infinite. With the increase of the Li concentration, an increase of D Li can be observed. This should be related to the conversion mechanism and mass transport limitation of this electrode. With the process of lithiation proceeding, more and more reaction product The EIS can be considered as an in situ electrochemical technique for analysis of kinetics processes occurring in the bulk of electrode material including formation of the SEI layer. The D Li values obtained from EIS show variations as a function of lithiation/delithiation potentials.

Potentials (V) σ W (Ω s -1/2 ) C (mol cm -3 ) D Li (
These variations are similar to previous results calculated from EIS data observed on carbonaceous materials, 10,44,45,[49][50][51] silicon oxycarbide, 52 silicon films, 53,54 Cu 6 Sn 5 55 and metal oxides (i.e., nano-sized rutile TiO 2 56 and β-MnO 2 57 ).

Diffusion evaluation from ToF-SIMS

ToF-SIMS has already been applied to study Li transport in the SEI layer formed on the graphite negative electrode 58,59 and in positive LiFePO 4 electrode. 60 In the present work, the diffusion coefficient of Li ions in host Fe 2 O 3 was estimated from the in-depth variation of Li-ion concentration in the thin film iron oxide electrode discharged to 0.84 V (after 5591 s of lithiation). Figure 5(a) shows the depth profile of Li -ion where four regions can be distinguished. At the beginning of sputtering, the Li -ions intensity increases for about 62 s to reach a maximum at the SEI layer/iron oxide thin film interface. From 62 to ~316 s, the intensity of Li -ions decreases, due to migration of Li in the partially converted Fe 2 O 3 electrode.

From 316 to 396 s, the very weak Li -ions intensity indicates only minor Li penetration in the region corresponding to the interface between iron oxide thin film and metallic iron substrate.

After 396 s sputtering, the Li -ions signal becomes negligible, confirming the absence of Li penetration in the bulk region. To get the in-depth variations of concentration as a function of sputtering depth (as shown in Figure 5 The apparent Li diffusion coefficient (D Li ) in the thin film electrode could be derived from the infinite integration of Fick's second law for one-dimensional diffusion, 61
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and error function, Using Eqs. ( 8) and ( 9), three curves (red, blue and green) were traced using theoretical values of the diffusion coefficient (D Li ) and superimposed with the experimental concentration profile obtained by ToF-SIMS (Figure 5(b)). A best fit with the experimental profile is obtained in the first outermost region, called "Li rich", where the diffusion coefficient of lithium (D Li ) is around 0.6×10 -15 cm 2 s -1 , indicating a nearly ideal diffusion process. Assuming that this outer region corresponds to the converted Li 2 O/Fe 0 matrix according to reaction (1), it can be concluded that the diffusion coefficient measured in this region is that of lithium in the converted electrode material.
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In the third innermost region of the thin film electrode, called "Li trace" and assigned to the interfacial region between the iron oxide thin film and the iron substrate, the best fit (green curve) is obtained with a much higher diffusion coefficient (D Li =2.0×10 -13 cm 2 s -1 ). Assuming that the iron oxide matrix is unconverted in this region, the much faster diffusion process would be related to the intercalation reaction of lithium into the -Fe 2 O 3 matrix ahead of the conversion front.

In the second region, called "Li poor" and intermediate between the "Li rich" and "Li trace" regions, no good fit of the experimental profile can be obtained with a diffusion profile. This is assigned to the formation of a transition region between the "Li rich" (converted iron oxide) and "Li trace" (intercalated iron oxide) regions. Most likely, the kinetics of Li migration in this transition "Li poor" region is not only controlled by processes of diffusion (in the converted and unconverted iron oxide matrices) but also by the advancement of the conversion reaction front.

In a homogeneous matrix, the concentration profile should yield one chemical diffusion coefficient independently of the position along the profile. However, in the present case, the experimental data clearly require different values of the diffusion coefficient (D Li ) to be considered for fitting the different regions of the concentration profile. In the outermost converted part of the electrode, the extracted D Li value (0.6×10 -15 cm 2 s -1 ) is much lower than that in the innermost intercalated and non-converted inner part of the electrode, indicating a slower diffusion process in the converted electrode. The distinction between the two diffusion processes was possible most likely because the kinetics of the conversion reaction is faster than that of migration of the Li ions in the converted electrode. The methodology of partial lithiation of the electrode material adopted for the ToF-SIMS analysis, as a direct, physical measurement method of the reaction kinetics (in this case Li diffusion) in electrodes, was decisive for making distinction between the different types of diffusion as a function of the lithiation penetration depth.

The D Li measured in the converted electrode from ToF-SIMS is in agreement with the D LiC obtained from cyclic voltammetry data. However, careful comparison of the two values (0.6×10 -15 cm 2 s -1 to 1.7×10 -15 cm 2 s -1 , respectively) suggest that the slightly higher value corresponding to the cathodic reactions (D LiC ) must be affected by the dynamic process of formation of the SEI layer and conversion of the electrode in the cathodic scan. ToF-SIMS measurement of the Li concentration profile in a thin film electrode enables to clearly discriminate different regions of varying Li concentrations in the lithiated electrode, and thus to exclude the surface passivation layer (SEI layer) from the data analysis.

Furthermore, the D Li obtained from ToF-SIMS is consistent with EIS results. The D Li value obtained from EIS was 3.6×10 -16 cm 2 s -1 at a point corresponding to discharged to 0.84 V.

This slightly lower values than that obtained from ToF-SIMS data may be explained by the presence of the SEI layer, which must have an influence on the electrode kinetics. The evaluation of electrode kinetics by means of EIS is burden by the surface SEI layer which can hinder the ionic transport. It seems that the lithium ion diffusion in SEI layer should not be neglected due to its poor transport properties although the SEI is much thinner than the electrode film. 62 

Influence of surface modifications of the iron oxide on kinetics

It is believed that the SEI layer plays an important role in the kinetics of electrode materials. In this study, the comparison of diffusion coefficient obtained by in situ electrochemical methods (CV and EIS) and a direct measurement of the Li concentration profile by ToF-SIMS points to the importance of this surface layer in the ionic transport. The exact mechanism of the SEI layer formation and its physico-chemical properties still remain a subject of debate. The SEI layer formation strongly depends on temperature, electrolyte as well as electrode morphology and composition. 36,63,64 In our previous work on iron oxide thin film electrode, the formation and variation of SEI layers have been studied thoroughly during CV lithiation/delithiation and cycling. 20,43 In the present work, the iron oxide thin film electrodes were analyzed by XPS at selected potentials of galvanostatic discharge/charge in order to investigate the dynamic compositional change of the SEI on iron oxide thin film electrode during the first discharge-charge cycle. Figure 6 shows the XP C1s and O1s spectra for the pristine thin film iron oxide and after discharge-charge to different selected potentials. Binding energies (E B ), full widths at half maximum (FWHM), and relative intensities of the component peaks obtained by peak fitting are given in Table 2. 65,66 The relative intensity of this C1s D component peak, which is indicative of the main composition of SEI, increases with discharging to 0.01 V and then decreases with charging to 3.0 V, corresponding to a dynamic process of the SEI layer in the first discharge-charge cycle.

The oxygen component at E B (O1s A ) = 529.8 eV on the pristine sample, corresponding to metal (iron and/or lithium)-oxygen bonds, slightly shifts to a lower value of 529. O1s spectra, the SEI layer composition remains stable during discharge/charge. The slight partial decomposition in the anodic process revealed by the changes in the relative intensities of O1s and C1s peak (Table 1) can be indicative of the modification of the SEI layer which affects the transport of Li ions (as particularly observed in D Li data obtained by EIS measurements).

Conclusions

CV, EIS and ToF-SIMS were applied to study the kinetics of Li-ion migration into α-Fe 2 O 3 thin film electrodes. The diffusion coefficient of lithium (D Li ) obtained by CV from the cathodic and anodic electrochemical reactions are 1.7×10 -15 and 2.4×10 -16 cm 2 s -1 , respectively. The D Li values obtained from EIS show a variation from 10 -15 to 10 -19 cm 2 s -1 as a function of lithiation/delithiation potentials. From the analysis of the Li-ion concentration profile in the thin film partially converted at 0.84 V measured by ToF-SIMS, the SEI layer region could be excluded and 3 regions of diffusion could be evidenced. In the outermost region of the electrode, the diffusion coefficient (D Li ) was found to be the lowest (around 0.6×10 -15 cm 2 s -1 ), which was assigned to slow Li-ion diffusion in the converted Li 2 O/Fe 0 matrix. In the innermost region, near the interface with substrate, D Li was found to be more than two orders of magnitude higher (around 2.0×10 -13 cm 2 s -1 ), indicating a much faster diffusion process of Li-ion intercalated in the Fe 2 O 3 matrix ahead of the conversion front. In the intermediate (transition) region between the outermost converted and innermost intercalated regions, the Li-ion concentration profile could not be fitted by a solid-state diffusion profile, which was assigned to the mixing of the converted and unconverted iron oxide matrices owing to the advancement of conversion reaction front. The fact that the 3 regions could be differentiated suggests that the kinetics of advancement of the conversion front is faster than that of Li-ion diffusion in the converted composite matrix but slower than that of intercalation in the unconverted Fe 2 O 3 matrix.

The D LiC obtained by CV was 2-3 times higher than the D Li measured in the converted electrode by from ToF-SIMS, which is assigned to the dynamic process of conversion and formation of the SEI layer during the cathodic scan. The D Li obtained by EIS in the electrode discharged to 0.84 V is ~2 times lower than that measured in the converted electrode by ToF-SIMS, which was assigned to hindering of the ionic transport by the SEI layer.

Comparison of the ToF-SIMS, CV and EIS analysis data thus shows that Li-ion diffusion in SEI layer should not be neglected, as also supported by XPS analysis at selected potentials that confirms the dynamic process of formation of the SEI layer that accompanies discharge/charge of the electrode.

ToF-SIMS, applied here for the first time to the study of the kinetics of Li-ion migration into such a conversion-type electrode material and combined with a thin film approach, is proven as a direct methodology for extracting diffusion coefficients of lithium that excludes the influence of the surface passivation layer (SEI layer) on the data analysis and discriminates diffusion into converted and intercalated electrode matrices. 
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Abstract: Binary (Fe, Cr)-oxide thin film electrodes were prepared as anode material for lithium-ion batteries by thermal growth on a stainless steel (AISI410, FeCr (LIBs) due to high theoretical capacities, low cost and safety. [1][2][3][4][5][6][7][8][9] However, these metal oxides suffer from the problem of electrode pulverization induced by huge volume changes, thus leading to poor cycling performance due to severe aggregation of metal oxide particles during the discharge/charge process. 10 -12 In order to overcome these obstacles, many methods have been explored. Recently, binary metal oxides, such as Co 19 However, the mechanisms between the two metallic ions are not totally clear yet.

Iron oxide (mainly Fe 2 O 3 ) and chromium oxide (mainly Cr 2 O 3 ) are important candidates of transition metal oxides and have attracted much interest. [20][21][22][23] Chromium oxide has a higher theoretical Li storage capacity and lower working voltage in comparison to iron oxide (capacity 1058 mAh g -1 vs. 1007 mAh g -1 , emf (electromotive force) 1.085 V vs. 1.631 V for chromium and iron oxides, respectively, for electrode materials in a battery). 23,24 It seems 

Experimental methods

Preparation of (Fe, Cr)-binary oxide thin films

Stainless steel plates (AISI410, FeCr 12.5 ) were purchased from Goodfellow and then cut into square substrate samples (about 8×8 mm 2 ). The surfaces were prepared by mechanical polishing with diamond spray down to 1/4 μm and then rinsed in successive ultrasonic baths of acetone, ethanol, and Millipore water (resistivity > 18 MΩ cm) for 2 min each and dried in a flow of compressed air.

(Fe, Cr)-binary oxide thin films were prepared by thermal oxidation at 300 o C in air as described in details for iron oxide in chapter 2 and 3. 25,27,28 The average thickness of the oxide thin films was ~46.5 nm as estimated by depth profile analysis on the pristine sample.

Raman spectroscopy (Horiba Xplora system, Ar + laser, = 532 nm) was employed for phase identification of the thermal oxides.

Electrochemical measurements

Electrochemical measurements (cyclic voltammetry and galvanostatic cycling) were performed in a glovebox (Jacomex) under Ar atmosphere with H 2 O and O 2 contents lower than 1 ppm. A three-electrode glass cell was used with the binary oxide supported thin film as working electrode and Li foil (Sigma-Aldrich) as reference and counter electrodes. The cell was operated at room temperature using an Autolab (AUT30) electrochemical workstation.

The working electrode area was delimited to 0.28 cm 2 by an O-ring. The electrolyte was 1 M LiClO 4 in propylene carbonate (1 mol L -1 LiClO 4 /PC, Sigma-Aldrich). All potentials hereafter are given versus Li/Li + . Cyclic voltammograms were recorded over the potential range of 0.01 -3.0 V at a scanning rate of 0.2 mV s -1 , starting form OCP into the cathodic scan (discharge) direction. Galvanostatic discharge-charge was performed at a current density of 10 μA cm -2 in the potential range of 0.01 -3.0 V.

For chemical and morphological analyses the binary oxide thin-film electrodes were submitted to varying cycle numbers of galvanostatic discharge-charge. The cell was disassembled and the samples were rinsed with acetonitrile (99.8%, Sigma-Aldrich) and dried with Ar flow for XPS, ToF-SIMS, SEM and AFM analyses.

Spectroscopic analysis

XPS analysis was carried out on a VG ESCA-LAB 250 spectrometer with an ultra-high vacuum preparation chamber directly connected to the glovebox. 29 An Al Kα monochromatized radiation (hν = 1486.6 eV) was employed as X-ray source. Base pressure during analysis was 10 -9 mbar. Survey spectra were recorded with a pass energy of 100 eV at a step size of 1 eV and high resolution spectra of the C1s, O1s, Fe2p and Cr2p core level regions were recorded with a pass energy of 20 eV at a step size of 0.1 eV. Peak fitting was performed with the Avantage software v. 3.13 provided by Thermo Electron Corporation, using a Shirley type background and Lorentzian/Gaussian (30%) peak shapes. The binding energies were calibrated by setting the C1s hydrocarbon (-CH 2 -CH 2 -) peak at 285.0 eV.

A ToF-SIMS 5 spectrometer (IonTof -Munster, Germany) operating at 10 -9 mbar was used for depth profile chemical analysis. Samples were transferred in an air-tight vessel under argon atmosphere from the glovebox to the ToF-SIMS system. A pulsed 25 keV Bi + primary ion source was employed for analysis, delivering 1.2 pA current over a 100 μm × 100 μm 2 area. Depth profiling was carried out using a 1 keV Cs + sputter beam giving a 70 nA target current over a 300 μm × 300 μm 2 area. Ion-Spec software from ION-TOF GmbH was used for acquiring and processing the data. Negative ion depth profiles were recorded for better sensitivity to fragments originating from oxides matrices.

Microscopic characterization

SEM imaging of the thin-film binary oxide electrodes before and after electrochemical treatment was performed with a ZEISS Ultra-55 Field Emission Scanning Electron Microscope (FE-SEM, Germany). The electrochemical cells were disassembled in the glovebox and the samples rinsed as described above and then transferred in an air-tight vessel under argon atmosphere to the SEM introduction chamber in order to minimize the reaction with ambient atmosphere.

AFM imaging was performed with an Agilent 5500 Atomic Force Microscope operated in a tapping mode. A silicon tip mounted on a cantilever with a force constant of 25 -75 N m -1 at a resonance frequency of about 282.6 kHz was employed. AFM data visualization and analysis (average value, RMS) were performed with the Gwyddion 2.31 software. The Raman spectrum after oxidation presents a crystallized surface containing thermodynamically stable α-Fe 2 O 3 (hematite) together with a small amount of Fe 3 O 4 (magnetite). [30][31][32][33][34] The characteristic peak of Cr 2 O 3 centered at 549 cm -1 (A 1g mode of Cr 2 O 3 ) 35 was not detected, indicating a small amount of Cr 2 O 3 on the surface, in agreement with the XPS data and the ToF-SIMS data presented below. However, Cr in the Fe 2 O 3 lattice to form a Cr x Fe 2-x O 3 cannot be ruled out here due to the similar ionic radius of Fe 3+ (0.64 Å) and Cr 3+ (0.63 Å). Polarization started from OCP (∼3.0 V) into the cathodic direction. In the first CV cycle, a sharp cathodic peak located at about 0.8 V is observed upon electrochemical reduction. This cathodic peak corresponds to the conversion reaction of oxide with lithium and also to the formation of the SEI layer. [25][26][27]36 The cathodic peak potential (0.8 V) of this binary oxide is slightly higher than that for iron oxide (0.75 V), showing an undiminished lithiation (working) potential after substituting iron by chromium. This is related to the lower electrochemical activity of chromium oxide. A cathodic peak expected at lower potential (i. e. ~0.59 V 26 ) for Cr 2 O 3 was not observed in the CV curves, in agreement with the small amount of Cr 2 O 3 in the binary oxide or lower electrochemical activity of Cr 2 O 3 in the reaction. In the anodic process of the first CV cycle, a broad peak (containing three peaks at 1.02, 1.5 and 2.06 V) centered at 1.54 V is related to the deconversion process of Li 2 O with metallic iron and/or chromium.

Results and discussion

Composition and phases

Conversion mechanism of binary oxide showed by cyclic voltammetry

The corresponding reactions could be described by equations 1-3: (3)

The coulombic efficiency calculated from the ratio of the anodic charge to cathodic discharge is only 57.2%, which is much lower than that for iron oxide (~70%) 25 due to the poorer electrochemical activity of chromium oxide, as demonstrated by ToF-SIMS data below.

In the second CV cycle, a significant decrease of the cathodic peak intensity at ~0.8 V indicates the high irreversible capacity corresponding to formation of the SEI layer. This also confirms the low coulombic efficiency in the first lithiation/delithiation process proved by galvanostatic cycling results presented below. Similarly to the first oxidation process, three main anodic peaks around 1.55, 1.02 and 2.0 V are observed in the second CV cycle but with slightly lower current density, which is assigned to the delithiation process of different valence state of metal oxides as discussed in chapter 2. 25 Another anodic peak was observed at 2.8-3.0 V from the second cycle on, which may originate from the oxidation of Cr(III) to Cr(VI) and/or of Fe directly to Fe(III). 41 However the corresponding reduction process was not observed in the same potential range. This means that an irreversible oxide film was formed on the stainless steel current collector at this potential. Thus, from thermodynamic point of view, it is better to limit the cycling potential (to a value <3 V) for this type of electrode material. 41 In the third CV cycle, a well-defined cathodic peak at about 1.5 V emerges in the reduction process. This peak could correspond to the intercalation of Li + into Fe 2 O 3 nanoparticles to form the intermediate product Li x Fe 2 O 3 (0<x≤2), which would confirm a pulverization process of the iron oxide thin-film electrode 25 also revealed by galvanostatic discharge-charge data and the SEM, AFM results discussed below.

Cycling performance by galvanostatic discharge/charge

Figure 3 (a) shows the first, second, third, fifth, tenth and twentieth discharge-charge voltage profiles of the thin-film (Fe, Cr)-oxide electrode at a current of 10 μA cm -2 in the potential range of 3.0 -0.01 V. It exhibits a ramp-down plot between 2.0 V and 0.85 V and an extended voltage plateau at ~0.85 V in the discharge curves, which are ascribed to the formation of cubic Li x Fe 2 O 3 (0<x≤2) and the conversion from Fe 2+ to Fe 0 , respectively. 20,21 However, the small amount of chromium oxide in the electrode can also contribute to the process. In the charge curves, the ramp-up region from 1.0 to 2.2 V corresponds to the reversible oxidation of Fe 0 to Fe 3+ and/or Cr 0 to Cr 3+ , which is consistent with CV measurements. This coulombic efficiency is lower than that for iron oxide (70.1%) 27 but higher than that for chromium oxide (<30%), 26 showing an inferior electrochemical activity of chromium oxide in comparison to iron oxide. Nevertheless, the discharge and charge capacities were well retained during the following cycles suggesting excellent capacity retention of the thin film (Fe, Cr)-oxide electrode. After 20 cycles, this anode material retains 7.19 μAh cm -2 (discharge) and 6.79 μAh cm -2 (charge), demonstrating a good capacity retention ratio (85.0% and 89.6%, respectively) with respect to the second cycle.

XPS analysis upon cycling

The XP C1s, O1s, Fe2p and Cr2p spectra for the pristine binary oxide and electrodes after different cycles are shown in Figure 4. Binding energies (E B ) and full widths at half-maximum (FWHM) of the component peaks obtained by peak fitting are listed in Table 1. The C1s signal of the pristine sample originates from the organic contaminants present on the surface. After cycling, one new component peak is observed at ~289.9 eV and assigned to Li 2 CO 3 and/or ROCO 2 Li, which is the main component of the SEI layer. 42,43 Moreover, this peak increases with cycling, indicating a dynamic behavior of the SEI layer, which was already observed on other types of electrodes. [44][45][46][47][48] reflects the variation of the in-depth concentration but it is also dependent on the matrix from which the ions are emitted. 49 The Fe 2 -ions depth profiles (Figure 5 (a)) were selected to characterize the metal substrate. On the pristine sample, the intensity of Fe and the second ("interfacial peak") peaks intensities can be observed after 10 and 20 cycles.
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The increase of sputtering time as a function of cycle number is in agreement with the volume expansion of the thin film electrode material during cycling.

The Li -ions (Figure 5 (d)) were selected to analyse changes of in-depth composition of lithium in the thin film electrode and SEI layer. As expected, no lithium is found in the pristine electrode. After cycling, the intensities of the Li -ions profiles increase due to accumulation (discharged state) and trapping (charged states) in the bulk thin film electrode and SEI layer. However, the increase of the Li -ions intensities can also be related to the matrixes from which the ions are emitted, i.e., different matrixes of the electrode caused by thickening and in-depth penetration of SEI layer, and/or morphological modifications of the thin film electrodes (volume expansion and pulverization). 27,50 The maximum intensity of Li -ion profile for the cycled electrodes (1-20 cycles) can be observed in the first seconds of sputtering corresponding to Li accumulation in the SEI layer, in agreement with the XPS data.

However, this maximum Li -ion intensity is observed slightly before the maximum in the oxide electrode in the first discharge/charge cycle is slightly lower than that for iron oxide, but higher than that for chromium oxide due to the substitution of iron oxide by chromium.

AFM characterization

The cycling performance during 20 cycles shows a good capacity retention ratio, higher than 85%. ToF-SIMS results show that the lithium transport in the binary oxide also depends on the types of oxides. SEM and AFM data show that the morphological modifications of the electrode are minor in the first two cycles but significantly increase during the further cycling (i.e. after 10 and 20 cycles).

The systematic studies of iron oxide thin film electrodes have demonstrated the potential application of this anode material for lithium ion batteries. This iron oxide electrode, directly grown on the pure metallic iron or stainless steel substrate without conductive additives and binder, is also an ideal electrode for lithium ion microbatteries which can provide power sources for microelectronic systems.

Perspectives

Two perspectives are proposed for future work. One is atomic layer deposition (ALD) of iron oxide nanomaterial using AAO membrane template to improve performance of the iron oxide anode for LIBs. The other is the preparation and electrochemical study of metal-air batteries electrode materials for the next generation batteries, especially Fe-air batteries based on metallic iron substrate. The role of sulfide (i.e., Na 2 S) on the inhibition of hydrogen evolution should be explored by electrochemical and surface analysis techniques. Some preliminary results are reported in Appendix 2.

Sample preparation

Pure metal iron (a: iron plates, 99.99 wt%, 8×8×1 mm 3 ; b: iron foil, 99.5 wt%, 32×17×0.05 mm 3 , Goodfellow) and stainless steel (AISI410, Fe/Cr12.5, 8×8×0.5 mm 3 , Goodfellow) were used as substrates. Mechanical polishing and thermal oxidation were performed on these substrates to prepare the thin-film electrodes.

Mechanical polishing

The substrate surfaces were first polished with 1200 grit SiC paper, and then with diamond spray of 6 μm, 3 μm, 1 μm and 1/4 μm up to uniform flat surface as verified by an optical microscope (Achat France, NS 50). After polishing, the surfaces were rinsed in successive ultrasonic baths of acetone, ethanol, and Millipore water (resistivity >18 MΩ cm) for 2 min and dried in a flow of compressed air before thermal oxidation.

Thermal oxidation

The as prepared samples were placed in a quartz tube that could be inserted in a cylindrical oven (as shown in 
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the diffusion of species to the electrode surface, then the current peak will be proportional to the square root of the scan rate. This relationship is described by the following equation: 5 In this thesis, the CV was performed at room temperature using an Autolab (AUT30) electrochemical workstation. A three-electrode glass cell was used with the oxide thin film (prepared as described above) as a working electrode and two Li foils used as reference and counter electrodes. And the CV measurements were carried out from the open circuit potential (OCP) first in the cathodic direction and then in the anodic direction. More details of the tests (i.e. scan rates, cycle number) are given in each chapter.
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Cyclic voltammetry Potential waveform

Electrochemical impedance spectroscopy (EIS)

Electrochemical impedance spectroscopy (EIS) is a non-destructive technique often used to understand the interfacial behavior in electrochemical systems. The ability of this technique to differentiate various processes, i.e., ohmic conduction, charge transfer interfacial charging, mass transfer etc., makes it an elegant technique for electrochemical systems. 6 Its applicability to lithium ion cells is further enhanced by the fact that surface films cover both the electrodes and especially the anode. Briefly, this technique involves a determination of cell impedance, in response to a small (~5 mV amplitude) AC signal at any constant DC potential, over a span of frequencies ranging. From the measured cell impedance in the form of real and imaginary components and phase angle, it is possible to examine and qualitatively determine several processes such as the electronic/ionic conduction in the electrode and electrolytes, interfacial charging either at the surface films or the double-layer, charge transfer processes and the mass transfer effects, if any. The time constants for these different processes being different, their features will show up at different frequencies in the EIS spectra. The advantages of this technique include: 1) its non-destructive nature, since the polarization applied is low enough that linear polarization conditions (i.e. where the polarization increases linearly with current) are maintained and the rate equations are simplified accordingly; 2) rapid and easy measurement methods as presently possible with the advent of computer-controlled equipment such as potentiostats and frequency response analyzers and appropriate software, which enormously simplify the data collection as well as subsequent analyses. The deficiency of this technique, on the other hand, is mainly related to the difficulty in interpreting the data, i.e. in envisaging a suitable electrical equivalent circuit to represent the electrochemical system and in quantitatively determining the relevant electrical parameters that would help understand the response of system. 7,8 In this thesis, EIS has been successfully applied to the study of lithium ion batteries anode materials and been proven to be a powerful and accurate method for measuring lithium diffusion rates. In this work, EIS was also performed at room temperature using an Autolab (AUT30) electrochemical workstation, over a frequency range of 10 mHz to 1 MHz under a potential perturbation of 5 mV.

Galvanostatic charge-discharge

Galvanostatic techniques generally apply a constant current source across the cell between working and counter electrodes and measure the potential response. Some electrochemical performances of a cell could be expressed on the galvanostatic charge-discharge curves, such as specific capacity, reaction plateau and coulombic efficiency. 

Instrument

The main components of a commercially XPS system include: 13 continued the development of ToF-SIMS instrumentation. 15,16 In principle, ToF-SIMS is applicable to any surface-mediated reaction such as: catalysis, sorption, redox, and dissolution/precipation reactions. Recently, ToF-SIMS is widely used in material science disciplines in studies of materials such as polymers, pharmaceuticals, semi-conductors and metals. 15,16 

Principles

ToF-SIMS is a surface sensitive analytical method that uses a pulsed ion beam (such as ToF-SIMS is also referred to as "static" SIMS because a low primary ion current is used to "tickle" the sample surface to liberate ions, molecules and molecular clusters for analysis.

In contrast, "dynamic" SIMS is the method of choice for quantitative analysis because a higher primary ion current result in a faster sputtering rate and produces a much higher ion yield (Figure A-7). Thus, dynamic SIMS creates better counting statistics for trace elements.

Organic compounds are effectively destroyed by "dynamic" SIMS, and no diagnostic information is obtained. 16 There are three different modes of analysis in ToF-SIMS; 1) spectroscopy: mass spectra are acquired to determine the elemental and molecular species on a surface; 2) imaging:

images are acquired to visualize the distribution of individual species on the surface; and 3) depth profiling: depth profiles are used to determine the distribution of different chemical species as a function of depth from the surface. 19 Furthermore, by combination of the high lateral resolution images and the depth profiles, 3-dimensional chemical reconstructions of microstructures are possible.

Instrument

ToF-SIMS instruments typically include the following components: 16  An ultrahigh vacuum system, which is needed to increase the mean free path of ions liberated in the flight path,  A particle gun, that typically uses a Ga or Cs source,  The flight path, which is either circular in design, using electrostatic analyzers to direct the particle beam, or linear using a reflecting mirror, and  The mass detector system.

One of the key features of the ToF-SIMS software is the ability to perform "retrospective" analysis, that is, every molecule from the sample detected by the system can be stored by the computer as a function of the mass and its point of origin. This allows the user to obtain chemical maps or spectra of specific regions not previously defined after the original data has been collected.

In this work, a ToF-SIMS 5 spectrometer (Ion Tof -Munster, Germany) operating at 10 -9 mbar (Figure A-8) was used for depth profile chemical analysis. Samples were transferred in an air-tight vessel under argon atmosphere from the glovebox to the ToF-SIMS system. A pulsed 25 keV Bi + primary ion source was employed for analysis, delivering 1.2 pA current over a 100 × 100 μm 2 area. Depth profiling was carried out using a 1 keV Cs + sputter beam giving a 70 nA target current over a 300 × 300 μm 2 area. Ion-Spec software was used for acquiring and processing the data. Negative ion depth profiles were recorded for better sensitivity to fragments originating from oxide matrices. 

Scanning electron microscopy (SEM)

A scanning electron microscope is a type of electron microscope that produces images of a sample by scanning it with a focused beam of electrons. The electrons interact with atoms in the sample, producing various signals that can be detected and that contain information about the sample's surface topography and composition. The electron beam is generally scanned in a raster scan pattern, and the beam's position is combined with the detected signal to produce an image. SEM can achieve resolution better than 1 nanometer.

Specimens can be observed in high vacuum, in low vacuum, and (in environmental SEM) in wet conditions. The most common mode of detection is by secondary electrons emitted by atoms excited by the electron beam. The number of secondary electrons is a function of the angle between the surface and the beam. On a flat surface, the plume of secondary electrons is mostly contained by the sample, but on a tilted surface, the plume is partially exposed and more electrons are emitted. By scanning the sample and detecting the secondary electrons, an image displaying the tilt of the surface is created. (i.e. for rapid phase discrimination). X-ray generation is produced by inelastic collisions of the incident electrons with electrons in discrete orbitals (shells) of atoms in the sample. As the excited electrons return to lower energy states, they yield X-rays that are of a fixed wavelength (that is related to the difference in energy levels of electrons in different shells for a given element). Thus, characteristic X-rays are produced for each element in a mineral that is "excited" by the electron beam. SEM analysis is considered to be "non-destructive", that is, X-rays generated by electron interactions do not lead to volume loss of the sample, so it is possible to analyze the same materials repeatedly. 23,24 Figure A-9 The interaction zone of electrons and specimen atoms below a specimen surface. The AFM is one of the foremost tools for imaging, measuring and manipulating matter at the nanoscale. The information is gathered by "feeling" the surface with a mechanical probe. Piezoelectric elements that facilitate tiny but accurate and precise movements on (electronic) command enable the very precise scanning. In some variations, electric potentials can also be scanned using conducting cantilevers. In more advanced versions, currents can be passed through the tip to probe the electrical conductivity or transport of the underlying surface, but this is much more challenging with few research groups reporting consistent data. 27,28

Principles

The AFM consists of a cantilever with a sharp tip (probe) at its end that is used to scan the specimen surface. The cantilever is typically silicon or silicon nitride and the tip radius of curvature is on the order of nanometers. When the tip is brought into proximity of a sample surface, forces between the tip and the sample lead to a deflection of the cantilever according to Hooke's law. 29 Depending on the situation, forces that are measured in AFM include mechanical contact force, van der Waals forces, capillary forces, chemical bonding, electrostatic forces, magnetic forces, Casimir forces, solvation forces, etc. Along with force, additional quantities may simultaneously be measured through the use of specialized types of probes. Typically, the deflection is measured using a laser spot reflected from the top surface of the cantilever into an array of photodiodes. Other methods that are used include optical interferometry, capacitive sensing or piezoresistive AFM cantilevers. These cantilevers are fabricated with piezoresistive elements that act as a strain gauge. Using a Wheatstone bridge, strain in the AFM cantilever due to deflection can be measured, but this method is not as sensitive as laser deflection or interferometry. 30 If the tip was scanned at a constant height, a risk would exist that the tip collides with the surface, causing damage. Hence, in most cases a feedback mechanism is employed to adjust the tip-to-sample distance to maintain a constant force between the tip and the sample.

Traditionally the tip or sample mounted on a 'tripod' of three piezo crystals, with each responsible for scanning in the x, y and z directions. 31 In 1986, the same year as the AFM was invented, a new piezoelectric scanner, the tube scanner, was developed for use in STM.

Later tube scanners were implemented into AFMs. The tube scanner can move the sample in the x, y, and z directions using a single tube piezo with a single interior contact and four external contacts. An advantage of the tube scanner is that being composed of a single crystal it has a higher resonant frequency, which, in combination with a low resonant frequency isolation stage, provides better vibrational isolation. A disadvantage is that the x-y motion can cause unwanted z motion resulting in distortion. 32 The AFM can be operated in a number of modes, depending on the application. In general, the primary imaging modes of operation for an AFM are divided into static (also called contact) modes and a variety of dynamic (non-contact or "tapping") modes where the cantilever is vibrated. 33 In static mode, the cantilever is "dragged" across the surface of the sample and the contours of the surface are measured directly using the deflection of the cantilever. In the dynamic mode, the cantilever is externally oscillated at or close to its fundamental resonance frequency or a harmonic. The oscillation amplitude, phase and The amount e pattern of mple. 42,43 The line thi itions. Therefore, ALD of iron oxide using AAO membrane template appears a promising direction of developing well-ordered iron oxide nanomaterials as anode materials for lithium ion batteries.

Fe-air batteries

Rechargeable metal-air batteries represent one class of promising power sources for applications in next-generation electronics, electrified transportation and energy storage of smart grids, due to the remarkably high theoretical energy output (11586, 8135, 1085, 2867 and 764 Wh kg -1 for Li-air battery, Al-air battery, Zn-air battery, Mg-air battery and Fe-air battery, respectively, in aqueous electrolytes based on metal alone). 18,19 Metal-air batteries using several different metals have been investigated. [19][20][21][22][23] Among them, Fe-air batteries have received considerable attention due to their high theoretical capacity, long cycle life, high electrochemical stability, low cost, and environmental safety. 24,25 However, the use of iron anodes still suffers from a number of problems including hydrogen evolution and passivation. Hydrogen evolution is the most significant obstacle to the practical application of iron electrodes in alkaline aqueous solutions. The potentials of the reduction reaction of Fe/Fe(OH) 2 and hydrogen evolution are very close, 26,27 and the hydrogen overpotential on iron surfaces is low which limits its application in commercial batteries. 28 Sulfide salts are used as additives to improve its performance. Studies have shown that the addition of both FeS to the electrode's active material 29 and Na 2 S to the KOH electrolytic solution 30,31 increases significantly the iron electrode capacity. However, these studies did not clarify the exact mechanism through which the additives increase the electrode capacity. The role of sulfide on the iron electrode performance may be revealed by electrochemical (i.e., CV and galvanostatic charge/discharge) and surface analysis techniques (i.e., XPS and ToF-SIMS) using a thin film iron electrode approach. Some preliminary studies of the iron electrode have been performed in an aqueous electrolyte of 6 M KOH without and with 0.01 M Na 2 S additive (as shown in Figure 6-2). The cyclic voltammograms of the pure iron foil electrode show that hydrogen evolution was significantly suppressed and the capacity of the iron electrode were obviously improved when Na 2 S additive was added to the electrolyte. 
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 2 Figure 2 Photo de l'installation utilisée pour le polissage mécanique.
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 3 Figure 3 Schéma de principe de la photoémission.
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 4 Figure 4 Schéma de principe du ToF-SIMS.
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 546 Figure 5 Premier cycle (voltammogramme) de l'électrode d'oxyde de fer en couche mince dans 1 M LiClO 4 -PC dans la fenêtre de potentiel 0,01 à 3,0 V (vitesse de balayage de 0,2 mV s -1 ). L'encart montre l'agrandissement du pic cathodique à 1,7 V. Les points sur les courbes indiquent les potentiels sélectionnés pour les analyse XPS, ToF-SIMS et EIS.

Figure 6

 6 Figure 6 Spectres XPS (a) C1s et (b) Fe2p pour les films minces d'oxyde de fer vierge et les échantillons traités dans 1 M de LiClO 4 -PC à des potentiels choisis dans le premier cycle de lithiation/délithiation.

Figure 7 )

 7 révèle que la majeure partie de l'électrode d'oxyde de fer a été réduit en Fe métallique et Li 2 O. Toutefois, l'oxyde de fer n'a pas été complètement converti en LiO 2 et Fe métallique, comme l'indique la présence d'un pic d'oxyde Fe 3+ après 24 min de pulvérisation Ar + .
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 72 Figure 7 Spectres XPS Fe2p pour l'échantillon lithié à 0,01 V pour des temps croissants de décapage par les ions Ar + .
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 910 Figure 9 Images MEB de (a) l'échantillon vierge et après (b) 1/2 CV (arrêté à 0,01 V), (c) 1 CV et (d) 15 CVs.
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 11 Figure 11 (a) Profil ToF-SIMS en profondeur des ions Li, (b) variation normalisée de la concentration en ions Li dans la profondeur de l'électrode après 5591 s de lithiation à 0,84 V.
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 122131415 Figure 12 Première et deuxième courbes de décharge-charge; performances en cyclage et rendement coulombien de l'électrode (a), (b) d'oxyde de fer pur et (c), (d) d'oxyde binaire (Fe, Cr).
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  spectra reveal organic contamination of the surface for the pristine sample and SEI layer formation on the electrochemical treated electrode surfaces. The SEI layer is formed by reductive decomposition of the electrolyte (propylene carbonate) already at the lithiation potential of 1.2 V. The XP Fe2p 3/2 core level peak fitting shows that the pristine surface is composed predominantly of α-Fe 2 O 3 with minor amounts of Fe 2+ oxide and FeOOH. A re-emerging Fe spectrum after delithiation to 3.0 V shows partial decomposition of the SEI layer during the delithiation process. The variation of the XP Fe2p spectra of the sample lithiated to 0.01 V with Ar + sputtering reveals that the bulk of the iron oxide electrode was reduced to metallic Fe and Li 2 O when lithiated to 0.01 V. However, iron oxide was not completely converted to LiO 2 and metallic Fe as shown by the presence a Fe 3+ oxide peak after 24 min Ar + sputtering.ToF-SIMS depth profiles of Li-containing ions (Li -, LiO -) and Fe-containing ions (FeO -, variation of the sputtering time to the substrate for the samples lithiated to 0.01 V and delithiated to 3.0 V. A x3 longer sputtering time for the sample in lithiated state in comparison to pristine thin film electrode indicates volume expansion during the lithiation process. Accordingly, the shorter sputtering time in the delithiation state indicates volume shrinking during delithiation. Moreover, significant accumulation and trapping of lithium in the oxide after delithiation indicates that the lithiation/delithiation process is not completely reversible due to mass transport limitation.
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 11 Figure 1-1 Comparison of the different battery technologies in terms of volumetric and gravimetric energy density.
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 1292 Figure 1-2 Schematic of a LIB, discharge process.9

Figure 1 - 3

 13 Figure 1-3 Schematic drawing showing the shapes and components of various lithium-ion batteries. a: cylindrical; b: coin; c: prismatic, d: thin and flat (plastic Li ion (PLiON)).

Figure 1 - 4

 14 Figure 1-4 Schematic of reversible lithium storage mechanisms: (a) Intercalation reaction; (b) Phase transition; (c) Conversion reaction.
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  Regarding the electrochemical behavior, Fe 2 O 3 -based thin films electrodes are able to store and reversibly exchange lithium ions. At a C/2 charge/discharge rate with 100% depth-of-discharge (DOD), the specific capacity of these amorphous thin film electrodes remains almost constant and close to 330 Ah/kg after more than 120 charge/discharge cycles. The reversible Li-cycling properties of the α-Fe 2 O 3 nanoflakes grown on Cu foil substrate have been evaluated by cyclic voltammery, galvanostatic discharge-charge cycling, and impedance spectral measurements. 125 The galvanostatic discharge-charge results show that the first-discharge profile (Li insertion) is different from the subsequent profiles and indicates Li intercalation into Fe 2 O 3 to give Li 2 (Fe 2 O 3 ) at ∼1.2 V vs. Li, and this is followed by amorphization and crystal structure destruction at ∼0.75 V by an additional consumption of 4 mol of Li to yield nanophase Fe 0 and Li 2 O via the two-phase reactions. This is followed by a sloping voltage profile upon further discharge process up to 0.005 V, indicating the formation of SEI and a polymeric layer on the Fe metal particles. The first-charge profile (Li extraction) up to 3 V indicates the conversion reaction to give FeO or Fe 2 O 3 , as shown by the voltage plateau at ~2.1 V. The differential capacity vs. voltage plots clearly delineate the voltages at which the reactions occur during the 1st and 50th cycle. The capacity vs. cycle

mechanism in 1 M

 1 LiClO 4 -PC electrolyte. The main topics of the work include:  Conversion/deconversion mechanisms. An investigation of the conversion/deconversion mechanisms (process reversibility) of iron oxide electrode in the first lithiation/delithiation cycle is important to understand the conversion-type electrode materials in LIBs.  Aging mechanisms. Capacity degradation is one of the most common issues of the electrode materials during battery cycling. For thin film iron oxide electrodes, the cycling performance evaluated both by CV and galvanostatic cycling is necessary in LIBs. The influence of multi-cycling on both the compositional and morphological modifications of the iron oxide electrode surface was analyzed to understand the aging mechanisms of iron oxide as anode material in LIBs.  Surface passivation mechanisms -SEI layer. The SEI is critical for the reversibility of the cycling performance. However, for transition metal oxides, it is rarely studied especially during cycling. Here, the formation and stability of the SEI layer on conversion-type iron oxide electrode during lithiation/delithiation (accompanied by volume expansion/shrinkage) is presented. The compositional and morphological modifications of the SEI layer were also studied during multi-cycling.  Kinetics. Iron oxide electrode suffers from poor electronic/ionic conductivity, which is the main obstacle for improving the charge/discharge rate capability of the battery. This requires a good understanding of transport (diffusion) mechanisms of Li ions into the bulk electrode matrix during lithium insertion. Measurements of an apparent diffusion coefficient of lithium (D Li ) into α-Fe 2 O 3 electrodes using appropriate techniques were performed.

Following

  the state of the art and objectives presented in the present introduction chapter (Chapter 1), Chapter 2 presents the study of the formation and stability of the SEI layer and conversion/deconversion mechanisms in the first cycle of lithiation/delithiation of iron oxide used as anode material for LiBs. Surface (XPS and ToF-SIMS) and electrochemical (CV and EIS) analytical techniques were combined. Chapter 3 discusses the cycling-induced modifications of the electrode and its passivation film as well as the aging mechanisms. The morphological modifications of the thin-film iron oxide electrode were studied by microscopy techniques (SEM, AFM). Chapter 4 describes the solid-state diffusion of lithium into the α-Fe 2 O 3 thin film electrode during electrochemical lithiation and delithiation process. The diffusion coefficient of lithium (D Li ) was estimated by CV, EIS as well as ToF-SIMS depth profiling. Chapter 5 explores the mechanisms of lithiation/delithiation of a binary oxide in LiBs.The influence of substituting of iron oxide by chromium oxide was evaluated. The kinetically controlled conversion process of the binary oxide shows that lithium transport in the binary oxide also depends on oxide species.Finally, Chapter 6 presents the main conclusions of this study as well as the perspectives.The Appendix gives an overview of electrochemical, spectroscopic and microscopic analysis techniques used for studying the thin film electrode. Principles and instruments, advantages and drawbacks of these techniques are discussed.
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 9 mbar. An Al Kα monochromatized radiation (hν = 1486.6 eV) was employed as X-ray source. Take-off angle of the photoelectrons was 90 o . Survey spectra were recorded with a pass energy of 100 eV at a step size of 1 eV and high resolution spectra of the Fe2p, O1s, C1s core level and valence band (VB) regions were recorded with a pass energy of 20 eV at a step size of 0.1 eV. The data processing (curve fitting) was performed using the Avantage software provided by Thermo Electron Corporation. An iterative Shirley-type background and Lorentzian/Gaussian peak shape at a fixed ratio of 30/70 were used. Binding energies were calibrated by setting the C1s hydrocarbon (-CH 2 -CH 2 -) component peak at 285.0 eV.

Figure 1

 1 Figure 1 Raman spectra of iron oxide thin film grown by thermal oxidation of pure iron metal at 300 ± 5 o C in air.

Figure 1

 1 Figure 1 displays the Raman spectrum of the as prepared thermal iron oxide thin film. There are several peaks in the range of 100 -2000 cm -1 . Based on reference

Figure 2

 2 Figure 2 (a) Cyclic voltammogram (CV) of 1 st lithiation/delithiation of iron oxide thin film electrode in 1 M LiClO 4 -PC in 0.01-3.0 V potential range (scan rate of 0.2 mV s -1 ). The inset shows the magnified cathodic peak at 1.7 V. Points on the curves indicate the selected potentials for XPS, ToF-SIMS and EIS analysis. (b) Anodic and cathodic charge and columbic efficiency calculated from the 15 cycles performed by cycling voltammetry.

Figure 2 (

 2 Figure2(a) shows the CV corresponding to the 1 st lithiation/delithiation cycle of the iron oxide thin film electrode. Only visible in the inset, the CV shows a small cathodic peak at about 1.7 V followed by moderate cathodic current increase until 1 V. This small cathodic peak followed by increased cathodic current has been assigned to the process of Li intercalation into the Fe 2 O 3 matrix to form Li x Fe 2 O 3 (0<x≤2), as shown by in situ X-Ray

Figure 2 (

 2 Figure 2 (b) shows the cycling performance of the iron oxide thin film electrode calculated from integral of the cathodic and anodic processes of CV results during 15 cycles.

Figure 3 (

 3 Figure 3 (a) EIS (Nyquist plots) spectra of iron oxide thin film electrode at selected potentials in 1 st lithiation/delithiation cycle in 1 M LiClO 4 -PC; (b) Magnified high frequency region of spectra in (a). Potentials given in brackets are equilibrium values reached at each stage.

Figure 3

 3 Figure 3 shows the electrochemical impedance spectra (Nyquist plots) of the electrode at the various selected stages of the first lithiation/delithiation cycle. The potential values in parenthesis are the equilibrium values reached before the EIS measurement for relaxed cells.

  the lithiated state at 1.2 V, the straight line with 45 o angle at low frequency indicates semi-infinite diffusion in the not yet converted thin film electrode. At 0.01 V, the depressed semi-circle in the whole frequency range corresponds to the SEI layer dominating the impedance response. With delithiation, the impedance spectra markedly change. The decreasing depressed semi-circles at high frequency are attributed to decomposition of the SEI layer and the straight lines at low frequency are indicative of diffusion in the deconverting thin film electrode. At 1.2 V (delithiation state), the charge transfer resistance is about ~250 Ω cm -2 , close to the maximum value, indicating some partial decomposition of the SEI layer already before deconversion of the thin film electrode. No further decomposition is observed at 1.8 V after deconversion, suggesting stability of the SEI layer during the main deconversion reaction.

Figure 4

 4 Figure 4 XP (a) C1s, (b) O1s, (c) Fe2p core levels and (d) Fe3p-Li1s core levels and VB region spectra for the pristine iron oxide thin film and samples treated at selected potentials in the 1 st lithiation/delithiation cycle in 1 M LiClO 4 -PC.

53 3. 4 Figure 5

 5345 Figure 5 presents the XP C1s, O1s, Fe2p and Fe3p-Li1s core levels and VB region spectra of the sample lithiated to 0.01 V for increasing Ar + sputtering time. The E B and fwhm values and relative intensities of the component peaks are compiled in

Figure 5 XP

 5 Figure 5 XP (a) C1s, (b) O1s, (c) Fe2p core levels and (d) Fe3p-Li1s core levels and VB region spectra of the sample lithiated to 0.01 V for increasing Ar + sputtering time.

  As discussed above, C1s and O1s spectra before sputtering are indicative of the composition (Li 2 CO 3 and ROCO 2 Li) of the SEI layer formed at the surface of the electrode. The photoelectrons emitted by the converted electrode are fully attenuated by the SEI surface layer and, as a consequence, the Fe3p-Li1s core level and VB(3-30 eV) spectra are characteristic of the SEI layer (no Fe3p component). After 2 min Ar + sputtering (about 5 nm etched), the C1s A component markedly decreases in intensity, indicating removal of the outer part of the surface carbonaceous layer mostly consisting of hydrocarbons. The decrease of the relative intensity of the O1s C component indicates that ROCO 2 Li species are also preferentially removed. Complete attenuation of the Fe2p intensity is still observed indicating that profiling is still in the bulk SEI layer region. Consistently, the Fe3p-Li1s core level and VB (3-30 eV) spectra are still those of the SEI layer with slight changes in the relative intensities of the VB caused by removal of the outermost hydrocarbons. After 6 min Ar + sputtering, a metallic iron Fe(0) component at 706.9 eV along with lower intensity Fe(II) and Fe(III) oxide components at 708.2 eV and 710.8 eV, respectively, and an oxide O1s A component at 528.4 eV are detected. Consistently, a Fe3p contribution is observed at lower binding energy in the Fe3p-Li1s core level spectrum and the VB spectrum region is changed. The principal modifications of VB spectrum are the appearance of a new component at ~21 eV attributed to O2s from the iron oxide as discussed above, and the disappearance of a component at ~10 eV attributed to carbonate anion MO. At the same time, the intensity of the C1s D component at 290.0 eV has markedly decreased and that of the C1s A component at 285.0 eV almost disappeared. This means that most of the SEI layer and almost all surface hydrocarbons were removed. According to the Ar + sputtering rate, about 15 nm of material were sputtered, which gives an approximation of the thickness of the SEI layer formed on the electrode surface lithiated at 0.01 V in LiClO 4 -PC. Small nitrogen peaks (NO 2 and/or NO components, not shown) were detected, indicating surface contamination brought by Ar + sputtering. The fact that both metallic and iron oxide components are measured points to partial conversion of the thin film material.Chapter 2. Combined Surface and Electrochemical Study of the Lithiation/Delithiation Mechanism of Iron Oxide Thin Film Anode for Lithium-Ion Batteries 63 63 After 12 min Ar + sputtering, the C1s core level shows nearly no intensity anymore, indicating full removal of the surface SEI layer. For binding energy calibration and for consistent comparison, the binding energy of the O1s B peak (C=O and/or N=O bonds) was set at 531.7 eV. It is then clearly seen that the lower binding energy O1s A peak of metal oxides shifts from 528.4 eV to 528.9 eV, which is consistent with a component change of metal oxides from lithium oxides to iron oxides. Consistently with the removal of the SEI layer, the intensity of the Fe2p core level increases as well as that of the Fe3p-Li1s core level with displacement of this composite peak to lower binding energies. The relative intensity of the Fe(0) component remains high, indicating that profiling is still in the converted region of the iron oxide film. However, the increasing relative intensity of the Fe(III) components indicates that profiling approaches the unconverted inner part of the thin film. After 24 min Ar + sputtering, the Fe(III) peak at 710.7 eV becomes the dominant component of the Fe2p 3/2 core level spectrum, showing the characteristics of the pristine iron oxide film (O1s A peak further shifted to 529.2 eV). This means that profiling has further approached an unconverted (or partly converted) region in the inner part of the thin film as confirmed by the ToF-SIMS results presented below. After 60 min Ar + sputtering (corresponding to about 150 nm of thickness), the markedly enhanced metallic Fe(0) peak at 706.9 eV and decreased intensity of the O1s A peak indicate that the substrate region has been reached with only traces of the original iron oxide film remaining. This is confirmed by the change of the shape of the Fe3p-Li1s peak. The marker peaks characteristic of the MOs of carbonate anion are no longer observed. The low intensity peak at ~21 eV and large peak between 3-8 eV correspond to O2s and O2p bands, respectively, from the remaining iron oxide traces.

Figure 6 - 4 -)Figure 6 2 - 2 -,

 64622 Figure 6 shows the negative ion depth profiles of the Li-containing ions (Li -, LiO -) and Fe-containing ions (FeO -, FeO 2 -, Fe 2 -, Fe 2 O 3 -, Fe 3 O 4 -) of the pristine,

-, Fe 2 O 3 -, Fe 3 O 4 -) 2 - 2 -

 3422 (b)). The intensities of the Fe-containing ions (FeO -, FeO 2 are quite low compared to those for the pristine sample, indicating a high conversion ratio in this main reacted 66 region. After ~360 s, the intensities of the Fe-containing ions (FeO -, FeO maximum. The intensity of FeO -ions in this region is similar to that for the pristine oxide sample, but the intensities of FeO of magnitude smaller than for the pristine sample. In this inner unreacted region (UR in Figure6(b)) at the interface with the current collector (substrate), the iron oxide film is partially lithiated, possibly to lower valence Fe(II) oxides, which is further supported by the slowly declining intensities of the Li-containing ions. This stratification of the iron oxide film into a fully lithiated outer part and a partially lithiated inner part most likely results from the limitation of the lithiation reaction by mass transport, like previously observed for Cr 2 O 3 , and Sn-Co

2 -

 2 plateau from ~55 to ~300 s of sputtering, which is assigned to deconversion of Fe with Li 2 O to form Fe 2 O 3 (reaction (3)). It seems that the main reaction region (RR) in the 0.01 V lithiated sample has disappeared, indicating reaction and diffusion of Li + ions in and out of the film. Compared to the 0.01 V lithiated sample, the profiles of Li-containing ions (Li -, LiO -) display higher intensities for a shorter sputtering time before decreasing to a lower plateau level, indicating a delithiation process of Li + ions through the SEI layer. The narrower region of high intensities of the Li-containing ions (~55 s vs. ~80 s in the lithiated state) is attributed to the SEI layer, which is partially decomposed after deconversion, in agreement with the EIS and XPS data. In contrast to the pristine sample,

5

 5 

  Surface and depth profile analysis (XPS and ToF-SIMS) was combined with electrochemical techniques (CV and EIS) to study the lithiation/delithiation mechanism of iron oxide as anode material for LiBs. A thin film model electrode was prepared by a simple thermal oxidation process at 300°C in air of pure iron substrate, used as current collector. Raman, XPS and ToF-SIMS showed that the oxide film consists of Fe(III) ions forming a α-Fe 2 O 3 phase in majority with lower valent Fe(II) ions forming a Fe 3 O 4 phase in the inner part of the film at the interface with the current collector. The SEI layer formed by reductive decomposition of the LiClO 4 -PC electrolyte on the iron oxide thin film electrode is mainly constituted of Li 2 CO 3 with ROCO 2 Li as minor constituent, independently of the lithiation/delithiation of the electrode. It was shown here for the first time that the thickness of the SEI layer formed on the surface of conversion-type metallic oxide electrode material evolves upon lithiation/delithiation process. After lithiation to 1.2 V (i.e. before conversion occurring at 0.75 V), Li intercalates in the α-Fe 2 O 3 matrix to form Li 1.03 Fe 2 O 3 as measured by XPS. The SEI layer is already formed at this stage. After lithiation to 0.01 V, the SEI layer grows in thickness to at least 15 nm. The thin film electrode approach allowed us to show that the conversion reaction leading to formation of metallic Fe and Li 2 O is accompanied by material swelling, except in its inner part where an unconverted and/or partially converted material subsists due to limitation of the conversion reaction by mass transport. Deconversion, occuring at ~1.55 V, is not totally reversible and also limited by mass transport. It causes shrinking of the electrode material with lithium trapped in the deconverted part. The SEI layer mostly decomposes and reduces in thickness above 1.8 V, i.e. after the main deconversion reaction. Spectroscopic (XPS, ToF-SIMS) and microscopic (SEM, AFM) analytical methods have been applied to iron oxide (~Fe 2 O 3 ) using a thin film approach to bring new insight into the aging mechanisms of conversion-type anode materials for lithium-ion batteries. The results show that repeated lithiation/delithiation causes both chemical and morphological modifications affecting the electrochemical performance. The SEI layer formed by reductive decomposition of the electrolyte remains stable in composition (mostly Li 2 CO 3 ) but irreversibly thickens upon multi cycling. Irreversible swelling of the material accompanied by penetration of the SEI layer and accumulation of non deconverted material in the bulk of the oxide thin film occurs upon repeated conversion/deconversion. After initial pulverization of the thin film microstructure, grain growth and aggregation are promoted by multi-cycling. In the first five cycles, this promotes capacity increase but upon further cycling volume expansion and accumulation of non deconverted material lead to deterioration of the electrode performances. Keywords: iron oxide; thin-film electrode; electrochemical aging; SEI layer; chemical and morphological modifications
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 2 and O 2 contents lower than 1 ppm at room temperature. The CVs were recorded using an Autolab (AUT30) potentiostat/galvanostat over the potential range of 3.0 -0.01 V at a scanning rate of 0.2 mV s -1 . After completion, the cells were disassembled and subsequently the samples were rinsed with acetonitrile (99.8%, Sigma-Aldrich) and dried with Ar flow before transfer for surface analysis. EIS was performed at open circuit potential (OCP) over a frequency range of 10 mHz to 1 MHz under a potential perturbation of 5 mV. Galvanostatic discharge-charge (discharge-charge refers to lithiation-delithiation of the anode in a LiB full cell configuration) was performed in a 2-electrode Teflon Swagelok-type cell (with a working electrode and Li as counter electrode) at a current density of 20 μA cm -2 in the potential range of 3.0 -0.01 V using an EC-Lab electrochemical workstation. The electrolyte was 1 M LiClO 4 in propylene carbonate (1 mol L -1 LiClO 4 /PC, Sigma-Aldrich). All potentials given in this chapter are referred to Li/Li + reference electrode.A XPS VG ESCA-LAB 250 spectrometer operating at 2 × 10 -9 mbar with an Al Kα monochromatized radiation (hν = 1486.6 eV) was used for surface chemical analysis. After electrochemical preparation, samples were transferred directly from the glovebox to the ultra-high vacuum XPS analysis chamber. Survey spectra and high resolution core level spectra were recorded with a pass energy of 100 eV and 20 eV, respectively. Peak fitting was performed with the Avantage software v. 3.13 (Thermo Electron Corporation), using a Shirley type background and Lorentzian/Gaussian (30/70) peak shapes. The binding energies were corrected by setting the C1s hydrocarbon component peak (-CH 2 -CH 2 -) at 285.0 eV. A ToF-SIMS 5 spectrometer (IonTof) operating at 10 -9 mbar was used for depth profile chemical analysis. Samples were transferred in an air-tight vessel under argon atmosphere from the glove box to the ToF-SIMS system. Negative ion depth profiles were recorded by interlacing analysis using a pulsed 25 keV Bi + primary ion source delivering 1.2 pA of target current over a 100 × 100 μm 2 area with sputtering using a 1 keV Cs + source beam delivering 70 nA of target current over a 300 × 300 μm 2 area. Ion-Spec software from ION-TOF GmbH was used for acquiring and processing the data. SEM imaging of the thin film electrodes before and after electrochemical treatment was performed with a ZEISS Ultra-55 Field Emission Scanning Electron Microscope (FE-SEM, Germany). AFM imaging was performed with an Agilent 5500 Atomic Force Microscope operated in intermittent contact mode (tapping) in air. The AFM images were acquired in topographic and differential modes using a silicon tip with a force constant of 25 -75 N m -1

Figure 1 (

 1 Figure 1 (a) Initial, second, tenth, and fiftieth discharge/charge curves and (b) cycling performance and evolution of coulombic efficiency of the iron oxide thin film electrode at a current density of 20 μA cm -1 in the potential range of 3.0-0.01 V.

Figure 2

 2 Figure 2 First 15 cyclic voltammograms of the iron oxide thin-film electrode in the potential range of 3.0 -0.01V at a scanning rate of 0.2 mV s -1 .

2 Fe2p 3 / 2 Figure 3

 2323 Figure 3 XP (a) C1s, (b) O1s and (c) Fe2p core level of pristine and cycled samples.

  (a)) originates from the organic contaminants present on the surface. Three-component peak at E B (C1s A ) = 285.0 eV, E B (C1s B ) = 286.4 eV and E B (C1s C ) = 288.4 eV are assigned to -CH 2 -CH 2 -bonds, C-O bonds and O=C-O or O=C-N bonds, respectively. 27 The O1s signal is also decomposed into three component peaks at 530.0, 531.6 and 532.8 eV (Figure 3(b)). The major component at E B (O1s A ) = 530.0 eV is attributed to oxygen anions in the iron oxide matrix. The minor component at E B (O1s B )= 531.6 eV can be ascribed to organic contamination (O=C-O bonds and C-O bonds)[28][29][30] on the surface and/or hydroxyl groups31 originating from iron oxyhydroxide (FeOOH) species.The component at E B (O1s C ) = 532.8 eV, barely detected since its relative intensity is ~0.01, suggests the presence of traces of water molecules adsorbed on the electrode surface based on previous assignments of this component.32,33 After 1 CV cycle, the three C1s component peaks present on the pristine sample are still observed, and a new one at E B (C1s D ) = 289.9 eV emerges, indicating the presence of Li 2 CO 3 and/or ROCO 2 Li as main component of the SEI layer.28,34,35 Compared with the pristine sample, the oxygen component at E B (O1s A ) = 529.2 eV, corresponding to oxide anions, is strongly attenuated due to the growth of the SEI layer. The intensity of the component at E B (O1s B ) = 531.8 eV increases along with formation of the SEI layer. This component is assigned to carbonate species (mainly Li 2 CO 3 ) and/or O=C-O bonds, C-O bonds in contaminants. A new component peak at around 533.5 eV (O1s D ) is also observed on the cycled sample. It corresponds to the presence of Li-alkyl carbonates (ROCO 2 Li) and/orLi-alkoxides (RCH 2 OLi).16,36 After 3 CV and 15 CV cycles, the C1s and O1s core level components almost do not change, indicating that the same species are present. This shows that the SEI layer composition remains stable after multi cycling.On the pristine sample, the Fe2p 3/2 core level (Figure3(c)) indicates the presence of Fe(III) oxide (α-Fe 2 O 3 ) predominantly and Fe(II) oxide (Fe 3 O 4 and FeOOH) in smaller

Figure 4

 4 Figure 4 ToF-SIMS negative ion depth profiles of (a) pristine sample and after (b) 1 CV and (c) 15 CV cycles.

Figure 5 Figure 5

 55 Figure5presents the FE-SEM data for the iron oxide thin film electrodes before and after electrochemical lithiation (1/2 CV) and delithiation (1 and 15 CV cycles). The

Figure 6

 6 Figure 6 Topographic AFM images (10 µm × 10 µm) of (a) pristine sample and after (b) 1/2 CV (stopped at 0.01 V), (c) 1 CV and (d) after 15 CV cycles.



  The SEI layer formed by reductive decomposition of the electrolyte is principally composed of Li 2 CO 3 and ROCO 2 Li and/or Li-alkoxides (RCH 2 OLi). Multi-cycling induces no marked changes of the SEI composition but increases the thickness in the delithiated state. Penetration of the SEI layer and cumulative trapping of Li + ions due to irreversible conversion/deconversion occur in the bulk electrode material upon repeated lithiation/delithiation. Both contribute to irreversible swelling and compositional changes of the electrode material with accumulation of non deconverted material in the thin film electrode.  Morphological changes include pulverization of the thin film electrode material and agglomeration of oxide nanograins upon cycling. In the first five cycles, this promotes capacity increase but upon further cycling volume expansion and accumulation of non deconverted material lead to deterioration of the electrode performances with capacity fading to about 78 % of the maximum capacity after 50 cycles.

  spectrum obtained at open circuit potential (OCP) on the Fe 2 O 3 pristine electrode before cycling (Figure S1, OCP) shows a straight line indicating mostly capacitive behavior (i.e. insertion capacitance) resulting from the accumulation of Li +

2 Figure S1 .

 2S1 Figure S1. Electrochemical impedance spectra of the iron oxide thin film electrode recorded at OCP prior to and after cycling; Inset: Magnified electrochemical impedance spectra in high frequency region.

Figure S2 .

 S2 Figure S2. XP Fe3p-Li1s core level and VB region spectra of pristine and cycled samples.

Fig. S2Chapter 4 .

 4 Fig. S2 shows XP Fe3p-Li1s core level and VB region spectra of pristine and cycled samples. The Fe3p-Li1s region, between 50 to 60 eV, presents only the Fe3p peak at E B = 55.3 eV on the pristine sample. After 1 and 3 CV cycles, an intense Li1s

( 3 )

 3 time-of-flight secondary ions mass spectrometry (ToF-SIMS). The α-Fe 2 O 3 thin film electrodes were prepared by thermal oxidation of pure iron substrate. These thin film electrodes possessing large surface-to-volume ratio, without carbon and polymeric binder additives, can provide clearer insight into electrode/electrolyte interfacial reactions and apparent diffusion coefficients of lithium (D Li ) into Fe 2 O 3 and/or Li 2 O/Fe 0 /Fe 2 O 3

  The electrochemical measurements (CV, galvanostatic discharge-charge, EIS) were performed in a glovebox (Jacomex) under Ar atmosphere with H 2 O and O 2 contents lower than 1 ppm. A three-electrode glass half-cell was used with the iron oxide film as working electrode and Li foil (Sigma-Aldrich) as reference and counter electrodes. All potentials hereafter are given versus Li/Li + reference electrode. The electrochemical measurements were performed at room temperature using an Autolab (AUT30) electrochemical workstation. The working electrode area was delimited to 0.28 cm 2 by an O-ring. The electrolyte was 1 M LiClO 4 in propylene carbonate (1 mol L -1 LiClO 4 /PC, Sigma-Aldrich). CV was performed over the potential range of 3.0 -0.01 V at different scanning rates. Galvanostatic discharge-charge was performed at a current density of 10 μA cm -1 in the potential range of 3.0 -0.01 V. The frequency range of the EIS measurements was 100 KHz to 10 mHz with a low ac voltage amplitude of 5 mV. The cell was kept at selected potential values and the EIS was performed at equilibrium state when a voltage change was less than 0.01 V in 10 min.

(Figure 1 2 -Figure 1 (

 121 Figure 1 (a) Raman spectra, (b) XP survey spectra, (c) XP Fe2p spectra before and after oxidation of pure iron foil and (d) ToF-SIMS negative ion depth profiles of the pristine sample after oxidation.

Figure 2 Figure 2 (

 22 Figure 2 shows the first cyclic voltammograms of the thin (~125 nm) film electrodes at different scan rates (v = 0.1 -1.0 mV s -1 ) in the voltage range of 3.0 -0.01 V and the corresponding plot of anodic and cathodic peak current (I p ) vs. v 1/2 .

  7 V, which corresponds to the intercalation of Li into Fe 2 O 3 film to form intermediate Li x Fe 2 O 3 (0<x<2)

Figure 3 Figure 3

 33 Figure 3 displays the first galvanostatic discharge and charge cycle of the iron oxide thin film electrode obtained at a current density of 10 μA cm -2 in a potential window of 3.0 -0.01 V.

Figure 4 (Figure 4 (

 44 Figure 4 (a) EIS spectra at different lithiation stages after potential relaxation; (b) relationship between real impedance (Z') and radial frequency (ω -1/2 ) at different lithiation stages of the first discharge-charge cycle.

19 (

 19 Li 2 O/Fe 0 matrix) is accumulated in the outer part of the thin film electrode. It is suggested that the lithium migration in the electrode is changed from a conversion-controlled process (conversion of Fe 2 O 3 to Li 2 O/Fe 0 matrix) to a diffusion-controlled process (diffusion in converted Li 2 O/Fe 0 matrix) with diffusion proceeding faster than conversion. However, this is not supported by ToF-SIMS results presented below. On the other hand, pulverization of the thin film electrode material during lithiation may promote the diffusion coefficient increase and account for the observed variation. During the charge process, the D Li decreased with Li extraction (delithiation), showing a deconversion process of Li 2 O and metallic Fe into iron oxide with volume shrinkage of the electrode.

Figure 5 (

 5 Figure 5(a)). The Li concentration is normalized to the maximum Li -ion intensity at the SEI/electrode interface.

  considering the following boundary conditions: C (x=0) = C s = 1, constant, fixed; C (x=+∞) = C 0 , corresponding to the original concentration of Li existing in the bulk phase. C 0 remains constant in the far bulk phase at x=+∞, herein C 0 ≈0.

Figure 6 XPS

 6 Figure 6 XPS C1s and O1s spectra for the pristine iron oxide thin film and after discharge-charge to different potentials.

  3 eV after lithiation to 1.2 V, indicating a conversion process (Fe 3+ to Fe 2+ and/or formation of Li 2 O) of iron oxide with Li + insertion. The O1s spectrum shows a major oxygen component peak at E B (O1s B ) = 531.8 eV and no metal-oxygen bonds after discharge to 0.84 V, owing to a growth of SEI layer on the electrode surface. The Fe2p intensity (not shown) is also completely attenuated by the growth of SEI layer at this potential stage. After charge to 3.0 V, a minor oxygen component peak at E B (O1s A ) = 529.3 eV, assigned to metal-oxygen bonds, reappears due to partial decomposition of the SEI layer. Except for some minor modifications of C1s and

Chapter 5 .

 5 Binary (Fe, Cr)-oxide thermally grown on stainless steel current collector as anode material for lithium-

  that the substitution of iron oxide by chromium could theoretically increase Li storage capacity and lower working voltage. In this study, (Fe,Cr)-binary mixed oxide thin film electrodes were prepared by direct thermal growth on stainless steel current collector without conductive carbon additives and binder (PVDF). The mechanisms of reduction-reoxidation of the binary oxide in lithium ion batteries were investigated by electrochemical (CV, galvanostatic cycling), spectroscopic (XPS, ToF-SIMS) and microscopic (SEM, AFM) analyses. The influence of Cr substitution in iron oxide and the interaction mechanism between Fe and Cr atoms were discussed by comparing the data with our previous work on Fe 2 O 3 and Cr 2 O 3 thin film electrodes.25,26 

Figure 1

 1 Figure 1 (a) XPS survey spectra in the binding energy region of 0 -1100 eV and (b) Raman spectra in the range of 100 -2000 cm -1 of the binary (Fe, Cr)-oxide thin film prepared by thermal oxidation of stainless steel substrate at 300 o C in air.

Figure 1

 1 Figure1shows the XPS survey and Raman spectra of the binary (Fe, Cr)-oxide thin film prepared by thermal oxidation of the stainless steel substrate. The XPS survey spectrum shows the presence of only Fe, Cr, O, and organic contamination (C1s signal), indicating a well oxidized metal surface. This is confirmed by the high resolution spectra of Fe2p and Cr2p core levels shown below (no metallic Fe or Cr component observed). The atomic percentage ratio of Fe:Cr calculated from XPS data is 94:6, which is higher than that of the stainless steel substrate (87.5:12.5), showing a Cr concentration decrease in the outer part of the oxide thin film proved by XPS. This is also consistent with ToF-SIMS data on the pristine sample presented below.

Figure 2

 2 Figure 2 First three consecutive cyclic voltammograms of the binary oxide thin film electrode in 0.01-3.0 V potential range (scan rate of 0.2 mV s -1 ).

Figure 2

 2 Figure 2 presents the first three consecutive CVs of the binary oxide thin-film electrode.

Figure 3 (

 3 Figure 3 (a) First, second, third, fifth, tenth and twentieth discharge-charge curves; (b) cycling performance and coulombic efficiency of the binary (Fe, Cr)-oxide electrode (current density of 10 μA cm -2 in a potential range of 3.0 -0.01 V).

Figure 3 (

 3 Figure 3 (b) presents the cycling performance and coulombic efficiency of the (Fe, Cr)-oxide thin-film electrode during the first 20 cycles. The first discharge delivers a capacity of 12.65 μAh cm -2 , which is much higher than the first charge capacity (7.43 μAh cm -2 ). The coulumbic efficiency is 58.7%, in agreement with the CV data. This high irreversible capacity originates from formation of SEI layer (irreversible decomposition of electrolyte) and non-fully reversible conversion/deconversion process in the first discharge-charge cycle.

3. 5

 5 Figure 5 ToF-SIMS negative ion depth profiles of the (a) Fe 2 -, (b) FeO 2 -, (c) CrO 2 -and (d) Li -ions for the pristine binary oxide electrode and electrodes after 1/2, 1, 2, 10 and 20 cycles.

Figure 5 -

 5 Figure 5 shows the negative ion depth profiles of the Fe 2 -, FeO 2 -, CrO 2 -and Li -ions of the pristine and treated samples. The intensity is presented using a logarithmic scale to magnify the low intensity signals. The variation of the ion intensity with sputtering time

  2-ions increases gradually to a stable intensity at about 100 s of sputtering, indicating that the substrate is reached. After 1/2 cycle, the sputtering time increases to 210 s, clearly indicating the swelling of the thin film during the lithiation process. However, matrix effects of the lithiated oxides can also affect the sputtering yield. After 1 cycle, the sputtering time to reach the substrate is decreased to 110 s, reflecting volume shrinking upon delithiation. This value is only slightly higher than that for the pristine sample, which indicates a good reversibility of the binary oxide thin film upon discharge/charge with only small amounts of Li trapped in the electrode (see also Figure5 (d)). With further cycling (after 2, 10 and 20 cycles), the Fe 2 -ions profiles markedly change after 10 cycles. The sputtering time to reach the substrate increases to 147 s, which indicates volume expansion corresponding to 47 s of sputtering. A plateau region between 49 s and 108 s shows an intensity decrease of the Fe 2 -ions indicating a modification of iron oxide matrix after cycling caused by volume variation. The FeO 2 -ions intensity (Figure 5 (b)) displays the highest value for the pristine binary oxide film. In the discharge state (after 1/2 cycle), the intensity of FeO 2 -ions decreases due to conversion of iron oxide to lithium oxide and metallic iron. After 1 cycle (charged to 3.0 V), the FeO 2 -ions intensity increases compared to the discharged sample, but it remains lower than that for the pristine, confirming a non-fully reversible lithiation process. The intensities of the FeO 2 -ions further decreased with cycling (after 2, 10 and 20 cycles), showing an aging process of this binary oxide electrodes.

Figure 5 (

 5 Figure 5 (c) compares the CrO 2 -ions depth profiles for the pristine, 1/2, 1, 2, 10 and 20 cycled samples. On the pristine sample, the intensity peak ("surface peak") obtained during the first seconds of sputtering indicates an increased concentration of chromium oxide at the electrode surface (over a thickness of around 4 nm estimated from ToF-SIMS sputtering rate). The second peak ("interfacial peak") observed in the CrO 2 -ion profile at around 75 s of sputtering indicates the presence of chromium oxide at the interface of the binary oxide thin film electrode with the substrate. The intensity of CrO 2 -ions (interfacial peak) decreases less (from ~10 4 to ~5000 counts) than that of FeO 2 -ions (from ~4×10 4 to ~5000 counts) after 1/2 cycle. This indicates that the chromium oxide remains much more stable, showing a poor electrochemical activity of the chromium oxide during the lithiation/delithiation process. The less converted chromium oxide in the discharge/charge process must be responsible for the low coulombic efficiency of this thin film binary oxide electrode. It is well known that Cr favors the passivation of stainless steel when the Cr content exceeds ~12%. In the lithium transport process, the chromium oxide forming a compact passive layer on the electrode surface may block or reduce the Li diffusion in the bulk electrode. More significant modifications of the CrO 2 -ion profiles, like progressive decrease of the first ("surface peak")

CrO 2 -Figure 6 FE

 26 Figure 6 FE-SEM images of the pristine (a) and cycled electrodes after 1/2 (b), 1 (c), 2 (d), 10 (e) and 20 (f) cycles.

Figure 6

 6 Figure 6 displays the FE-SEM images of the pristine and cycled samples (after 1/2, 1, 2, 10 and 20 cycles). The morphology of the pristine thin film electrode appears approximately flat and homogeneous except some scratches left by the substrate polishing and naked defects (pinholes) due to the nanometric thickness of the oxides film. The morphology shows a textured structure with presence of nano-grains (100-200 nm) which are well delimited by grain boundaries. After 1/2 cycle in the lithiated state (Figure 6 (b)), the grain boundaries evolve into spicules. The growth of the dielectric SEI on the electrode surface should blur the morphology which is not observed. Also it is well known that transition metal oxides electrodes undergo volume expansion (i.e. swelling) during the conversion process, which will cause pulverization and/or crash of the materials.6,10 This is also not observed for our thin-film electrode. That maintains a good integrity after the lithiation process, indicating the nanometric thin film has a good adhesion to the substrate. The spicules grown at the surface suggest that the lithiation induced volume expansion would occur perfectly at the boundary. After 1 complete cycle in the delithiated state (Figure6 (c)), a flatter and more homogeneous morphology is recovered, which is consistent with volume shrinkage of the material and partial decomposition of the SEI layer in agreement with XPS and ToF-SIMS results. This shows a reversible morphological modification of the thin-film electrode at this stage. After 2 cycles, the morphology of the thin oxide layer is still well preserved (Figure6(d)). However, the disappearance of partial grain boundaries indicates recombination (pulverization and aggregation) of the electrode material. After 10 cycles, the morphology of the thin-film electrode is markedly modified (Figure6(e)), especially in the grain boundaries.

  Some darker areas indicate SEI uneven thickening and these modifications are more significant on the sample after 20 cycles (Figure6(f)). At the same time, grain aggregation may occur along with SEI thickening and in-depth penetration, as shown by XPS and ToF-SIMS above.

Figure 7 Figure 7 Chapter 6 .

 776 Figure 7 Topographic AFM images of the pristine (a) and cycled electrodes after 1/2 (b), 1 (c), 2 (d), 10 (e) and 20 (f) cycles.

  Figure A-1). The samples were oxidized in pre-thermalized oven at 300 o C for 5 min under air atmosphere and then quenched by 0 o C water. Then the oxidized samples were transferred into the glovebox for later use.

Figure A- 1

 1 Figure A-1 Thermal oxidation system for preparation of thermal oxides on metallic substrates.

Figure A- 2

 2 Figure A-2 Cyclic voltammetry waveform.

Figure A- 3 .

 3 Figure A-3. Photoelectron effect for XPS analyses.
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 4 Time-of-flight secondary ion mass spectrometry (ToF-SIMS) ToF-SIMS is an acronym for the combination of the analytical technique SIMS (Secondary Ion Mass Spectrometry) with Time of Flight mass analysis (ToF). ToF-SIMS and many of its applications have been pioneered by Prof. Benninghoven and his group in the early 80's. Two instrument generations for surface spectroscopy were developed at the University of Muenster. In 1989 ION-TOF started to commercialise the technique and has
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 18 Figure A-7). These secondary ions are then accelerated into a "flight tube" and their mass is

Figure A- 7

 7 Figure A-7 Schematic representation of secondary ion generation.
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Figure A- 8 (

 8 Figure A-8 (a) Schematic diagram of the IonTof ToF-SIMS instrument; 20 (b) ToF-SIMS 5 spectrometer (IonTof) used in this study.

21 , 22 5. 1 Principles

 21221 Accelerated electrons in a SEM carry significant amounts of kinetic energy, and this energy is dissipated as a variety of signals produced by electron-sample interactions when the incident electrons are decelerated in the solid sample. These signals include secondary produce SEM images), backscattered electrons (BSE that are reflected from the sample by elastic scattering), diffracted backscattered electrons (EBSD that are used to determine crystal structures and orientations of minerals), photons (characteristic X-rays that are used for elemental analysis and continuum X-rays), visible light (cathodoluminescence-CL) and etc., as shown in Figure A-9. Secondary electrons and backscattered electrons are commonly used for imaging samples: secondary electrons are most valuable for showing morphology and topography on samples and backscattered electrons are most valuable for illustrating contrasts in composition in multiphase samples

25 5. 2 Instrument

 252 Figure A
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  atomic force microscope (also abbreviated as AFM) in 1986. The first commercially available atomic force microscope was introduced in 1989.

37 Figure A- 11

 3711 Figure A-11 Plot of force as a function of probe-sample separation.
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1.3 Reversible energy storage mechanisms in LIBs

  

	chemical stability; (4) high safety, low toxicity and low cost, etc. Normally, the electrolyte in process, one type of energy is converted into another form of energy that can be stored and
	lithium-ion battery mainly consists of non-aqueous solvents and inorganic lithium salts. The converted for use when needed. Therefore, various energy storage systems are being
	most common used electrolyte categories are organic liquid electrolyte, polymer electrolyte developed aimed at proper utilization of different energy sources. 10 However, among all the
	and molten salt electrolyte. The most commercialized electrolytes are organic liquid efforts to develop new reversible energy storage systems, studying and understanding the
	electrolytes and polymer electrolytes. corresponding reversible energy storage mechanisms is crucial and important.
	In order to have a good understanding of the energy storage in LIBs, it is necessary to
	1.2.3 Separator clarify the reaction mechanisms for lithium storage. The most commonly reported lithium
	A separator is used to separate the positive and negative electrodes and to prevent short storage mechanisms (Figure 1-4) are summarized below. 11
	circuit of the two electrodes. The separator itself is not conductive, but lithium ion can get
	through it. Therefore, an ideal separator should possess the following properties: low
	electrical conductivity, good permeability to electrolyte ions (high ionic conductivity), low
	resistance during charge/discharge, good chemical and electrochemical stability in electrolyte
	at working temperature, good wettability to the electrolyte, high mechanical strength and
	small in thickness. The commonly used separators in cells are cellulose paper, non-woven or
	synthetic resin microporous membrane. The commercialized separators in LIBs are
	single-layer polyethylene (PE), single-layer polypropylene (PP), 3-layer PP/PE/PP composite
	membrane.	
	1.2.4 Anode	price, environmentally
	friendly in synthesis and industrialization, etc. At present, high potential inserted lithium The requirements for anode materials are roughly the same as for cathode materials,
	transition metal oxides are the most popular cathode materials under investigation, which mainly reflected in low electrode potential, high specific energy, long cycling life, safety,
	contain layered LiCoO 2 and LiNiO 2 , spinel LiMn 2 O 4 , olivine LiFePO 4 , and their derivatives excellent rate capability, environmental pollution-free, easy to synthesize and prepare, low
	and doping compounds. cost, etc. In the commercialized LIBs, carbonaceous anode materials (typically specified into
	three groups, namely, graphite and graphitized materials, ungraphitized soft carbon, and hard
	1.2.2 Electrolyte carbon) are the most widely used. Recently, alloying-type Si, Sn, lithium titanium oxide and
	The electrolyte, as the media for lithium ion transport, is in contact with the active transition metal oxides were widely studied as anode materials for LIBs.
	material directly in a LIB, thus affecting the performance of a cell. The ideal electrolyte
	should meet the requirements of various performances of the lithium-ion battery: (1) a wide
	electrochemical window, namely stable in a wide range of potential (0 ~ 5 V); (2) low Energy storage, an intermediate step to the versatile, clean, and efficient use of energy,
	viscosity, high dielectric constant and ionic conductivity; (3) good thermal stability and has received worldwide attention and increasing research interest. In a typical energy storage

The performance of cathode material in LIBs can be evaluated from the following aspects: the cathode material should have high open circuit voltage, large specific capacity, good cycling performance, high safety, rapid charge and discharge ability, and also be cheap in

Table 1 -1 Composition of the SEI layer reported in the literature. 38

 1 

	Component	Notes	Reference
			s
	Li 2 CO 3	Normally present in the SEI formed in PC or EC based	39-42
		electrolytes. It may also appear as a reaction product of	
		semicarbonates with HF or water or CO 2 .	
	(CH 2 OCO 2 Li) 2 Found mostly in the SEI of the EC based electrolytes. Being a	39,43-46
		two electron reduction product of EC.	
	ROCO 2 Li	Occurs in most PC containing electrolytes, especially when the	39,40,41,43,44
		concentration of PC in the electrolyte is high. They are present	,47
		in outer part of SEI layer and are absent near Li.	
	ROLi	Most commonly found in the SEI formed in ether electrolytes	43,48-55
		like tetrahydrofuran (THF), but may also appear as DMC or	
		EMC reduction product. It is soluble and may thus undergo	
		further reactions.	
	LiF	Mostly found in electrolytes comprising of fluorinated salts like	42,56-58
		LiAsF 6 , LiPF 6 and LiBF 4 . It is a major salt of decomposition	
		products. HF contaminant also reacts with semi carbonates to	
		give LiF byproduct. Amount of LiF increases during storage.	
	LiOH	Mainly formed due to water contamination. It may also result	46,49,59-62
		from reaction of Li 2 O with water or with ageing.	
	Li 2 O	It may be a degradation product of Li 2 CO 3 during Ar +	1,57,63-65
		sputtering in the XPS experiment. In a conversion-type	
		electrode material, Li 2 O could be the reduction product.	
	Li 2 C 2 O 4	Found to be present in Li-ion 18650 rechargeable cells	49,53
		assembled in Argonne National Labs containing 1.2 M LiPF 6 in	
		EC:EMC (3:7) electrolyte. Li carboxylate and Li methoxide	
		were also found in their SEI.	

  Iron oxide (mostly α-Fe 2 O 3 ) model thin film electrodes were prepared by thermal oxidation of pure metal iron substrates at 300 ± 5 o C in air, and used for comprehensive investigation of the lithiation/delithiation mechanisms of anode material undergoing ) analytical techniques were combined. The results show that intercalation of Li in the Fe 2 O 3 matrix and Solid Electrolyte Interphase (SEI) layer formation both precede conversion to metallic iron and Li 2 O upon lithiation. Depth profile analysis evidences stratification of the converted thin film electrode into fully and partially lithiated outer and inner parts, Lithium-ion batteries (LiBs) are widely used for portable electronic devices and have become the most competitive candidate for electric vehicles due to numerous advantages, such as light weight and high energy and power density. Graphite, the currently used commercial anode material, has a limited theoretical specific capacity (372 mAh g -1 ) and presents safety issues. Much effort is made to develop new types of anode materials such as transition metal oxides (e.g. CoO, Co 3 O 4 , NiO, CuO, Cu 2 O, FeO, Fe 2 O 3 , Fe 3 O 4 , Cr 2 O 3 ),[1][2][3][4] lithium-based alloys (e.g. Li-Si, Li-Sn)[6][7][8][9][10][11][12][13] or other metal binary alloys (e.g. Si-based and Sn-based intermetallics)[14][15][16][17][18] that present high interest due to high theoretical capacities and improved safety.Iron oxides (including FeO, Fe 2 O 3 , Fe 3 O 4 ) have attracted much interest.1,4,[19][20][21] Among them, α-Fe 2 O 3 (hematite) and spinel Fe 3 O

	Abstract: electrochemical conversion reaction with lithium ions. Surface (X-ray Photoelectron
	Spectroscopy (XPS) and Time-of-Flight Secondary Ion Mass Spectrometry (ToF-SIMS)) and
	electrochemical (Cyclic Voltammetry (CV) and Electrochemical Impedance Spectroscopy
	(EIS)
	(ACS
	rcachon,

respectively, due to mass transport limitation. The SEI layer has a stable composition (Li 2 CO 3 with minor ROCO 2 Li) but dynamically increases/decreases in thickness upon lithiation/delithiation. Conversion, proceeding mostly in the outer part of the electrode, causes material swelling accompanied by SEI layer thickening. Upon delithiation, lithium is trapped in the deconverted electrode subjected to shrinking and the SEI layer mostly decomposes and reduces in thickness after deconversion. The non-reversibility of both conversion and surface passivation mechanisms is demonstrated. Keywords: Fe 2 O 3 anode material; conversion mechanism; SEI layer; XPS; ToF-SIMS 1. Introduction 4 (magnetite) are much promising as anode materials owing to their high capacity, environment friendliness, abundance and low cost.

  [19][20][21][30][31][32][33] 

	Fe	2	O 3	6	Li	6	e	_	3	Li	2	O	2	Fe

Table 1 Binding energies (E B ), full widths at half-maximum (fwhm) and relative intensity of the XPS component peaks obtained by peak fitting for the samples lithiated/delithiated to different potentials.

 1 

			pristine		1.2 V lithiated	0.01 V lithiated	1.2 V delithiated	1.8 V delithiated	3.0 V delithiated
		E B	fwhm	Area	E B	fwhm	Area	E B	fwhm	Area	E B	fwhm	Area	E B	fwhm	Area	E B	fwhm	Area
		(eV)	(eV)	Ratio	(eV)	(eV)	Ratio	(eV)	(eV)	Ratio	(eV)	(eV)	Ratio	(eV)	(eV)	Ratio	(eV)	(eV)	Ratio
	C1s A	285.0 1.41	1.00 285.0	1.24	1.00	285.0	1.29	1.00	285.0	1.20	1.00	285.0	1.23	1.00 285.0 1.29	1.00
	C1s B	286.5 1.41	0.15 286.7	1.24	0.20	286.6	1.29	0.35	286.6	1.20	0.11	286.5	1.23	0.21 286.6 1.29	0.51
	C1s C	288.4 1.41	0.23 288.9	1.24	0.21	288.7	1.29	0.12	288.7	1.20	0.14	288.7	1.23	0.24 288.7 1.29	0.12
	C1s D				289.9	1.24	0.53	289.9	1.29	0.55	289.8	1.20	0.71	289.8	1.23	0.82 289.8 1.29	0.74
	O1s A	530.0 1.21	1.00 529.5	1.23	0.16										529.5 1.54	0.01
	O1s B	531.6 1.51	0.17 531.8	1.63	1.00	531.7	1.70	1.00	531.7	1.61	1.00	531.7	1.61	1.00 531.8 1.54	1.00
	O1s C	532.8 1.51	0.01														
	O1s D				533.4	1.63	0.14	533.5	1.70	0.15	533.6	1.61	0.02	533.6	1.61	0.05 533.4 1.54	0.17
	Fe2p 3/2A 708.3 0.96	0.04 708.3	2.51	1.00											
	Fe2p 3/2B 709.7 1.02	0.30														
	Fe2p 3/2C 710.7 1.77	1.00 710.6	3.36	0.95											
	Fe2p 3/2D 712.2 2.63	0.82														
	Fe2p 3/2E 714.3 1.56	0.06 714.5	2.50	0.12											

  FeOOH) as concluded from the Raman data. The low intensity of the Fe(II) oxide component can result from the preferential formation of Fe 3 O 4 in the inner part of the film, as supported by ToF-SIMS depth profile analysis. The larger intensity of the Fe(III) oxyhydroxide component is consistent with this species concentrated at the oxide thin film surface and resulting from reaction with water vapor.After lithiation to 1.2 V, one new C1s D component is observed at 289.9 eV and assigned to Li 2 CO 3 and/or ROCO 2 Li.5,44,45 It indicates, in agreement with the EIS data, that the formation of the SEI layer occurs already at this potential although it is mainly expected to be formed at about 0.75 V. The O1s A component is shifted to 529.5 eV indicating modification of the oxide matrix, possibly by intercalation of lithium as previously concluded from XRD data.20,21 Its attenuation is consistent with growth of the SEI layer. The O1s B peak, assigned to carbonates, markedly increases in relative intensity showing SEI layer growth. Its intensity is about 7 times that of the O1s D peak at 533.4 eV assigned to Li-alkyl carbonates. This indicates that Li 2 CO 3 and ROCO 2 Li are the major and minor components of the SEI layer, respectively, already at this initial stage of lithiation.In the Fe2p 3/2 spectrum, the Fe(III)OOH component (Fe2p 3/2D ) has vanished and the Fe(III) oxide component (Fe2p 3/2C ) and Fe(II) oxide component (Fe2p 3/2A ) have respectively decreased and increased in intensity. This is consistent with the formation of Li x Fe 2 O 3 (

3/2 core level peak was fitted for simplicity. It displays five components. The two adjacent peaks (Fe2p 3/2B and Fe2p 3/2C ) with a binding energy separation of 1 eV observed at 709.7 and 710.7 eV are assigned to Fe(III) in an oxide matrix (Fe 2 O 3 and/or Fe 3 O 4 ).

[46][47][48] 

The peak at 708.3 eV (Fe2p 3/2A ) is assigned to Fe(II) in an oxide matrix (in agreement with the Raman spectrum showing the minor presence of Fe 3 O 4 ) and that at 712.2 eV (Fe2p 3/2D ) is assigned to Fe(III) in an oxyhydroxide matrix (FeOOH).

The minor component at 714.3 eV (Fe2p 3/2E ) is attributed to a Fe(II)2p 3/2 satellite.

48 

Thus, the Fe2p 3/2 core level is consistent with the predominance of α-Fe 2 O 3 in the thermally grown oxide film and some presence of Fe(II) oxide (Fe 3 O 4 ) and Fe(III) oxyhydroxide (

Table 2 .

 2 

			C1s D	C1s B C1s A	(a)		O1s B	(b)
			C1s C				O1s C
				no Ar + sputtering		no Ar + sputtering
				2 min Ar + sputtering		2 min Ar + sputtering	O1s A
	Intensity / a.u.			6 min Ar + sputtering 12 min Ar + sputtering	Intensity / a.u.	6 min Ar + sputtering 12 min Ar + sputtering
				24 min Ar + sputtering		24 min Ar + sputtering
				60 min Ar + sputtering		60 min Ar + sputtering
	300	295	290	285	280	275		540 538 536 534 532 530 528 526
		Binding Energy / eV			Binding Energy / eV
					(c)	
	no Ar + sputtering				
				Fe2p 3/2D		
	2 min Ar + sputtering		Fe2p 3/2C		
					Fe2p 3/2B		
	6 min Ar + sputtering		Fe2p 3/2A		

12 min Ar + sputtering 24 min Ar + sputtering 60 min Ar + sputtering 735 730 725 720 715 710 705 700 Binding Energy / eV Intensity / a.u.

  

							(d)	
						no Ar + sputtering	
					2 min Ar + sputtering
	Intensity / a.u.				6 min Ar + sputtering
						12 min Ar + sputtering
						24 min Ar + sputtering
						60 min Ar + sputtering
	70	60	50	40	30	20	10	0
			Binding Energy / eV	

Table 2 Binding energies (E B ), full widths at half-maximum (fwhm) and relative intensity of the XPS component peaks obtained by peak fitting for the sample lithiated to 0.01 V as function of depth sputtering time.

 2 

		0.01 V lithiated	2 min V sputtering	6 min V sputtering	12 min V sputtering	24 min V sputtering	60 min V sputtering
		E B	fwhm	Area	E B	fwhm	Area	E B	fwhm	Area	E B	fwhm	Area	E B	fwhm	Area	E B	fwhm	Area
		(eV)	(eV)	Ratio	(eV)	(eV)	Ratio	(eV)	(eV)	Ratio	(eV)	(eV)	Ratio	(eV)	(eV)	Ratio	(eV)	(eV)	Ratio
	C 1s A	285.0	1.31	0.94 285.0	1.28	0.07	285.0	1.27	0.09								
	C 1s B	286.6	1.31	0.44 286.8	1.28	0.05	286.6	1.27	0.11								
	C 1s C	288.5	1.31	0.07 288.6	1.28	0.16	288.5	1.27	0.24								
	C 1s D	289.9	1.31	1.00 290.0	1.28	1.00	290.0	1.27	1.00								
	O 1s A							528.4	1.33	0.87	528.9	1.40	1.00 529.2 1.51	1.00 529.6	1.38	1.00
	O 1s B	531.6	1.76	1.00 531.7	1.65	1.00	531.7	1.79	1.00	531.7	1.74	0.24 531.7 1.53	0.21 531.7	1.88	0.47
	O 1s C	533.5	1.76	0.12 533.7	1.65	0.02											
	Fe 2p A							706.9	1.16	1.00	706.9	1.19	0.73 706.9 1.23	0.38 706.9	1.28	1.00
	Fe 2p B							708.2	2.35	0.85	708.3	2.93	1.00 708.2 1.65	0.19 708.2	1.53	0.35
	Fe 2p C																709.4	3.35	0.30
	Fe 2p D							710.8	2.35	0.54	710.7	2.93	0.87 710.7 3.50	1.00 710.7	3.47	0.59

  It was found that intercalation of Li in the Fe 2 O 3 matrix and SEI layer

	XPS and ToF-SIMS for chemical characterization has been complemented by that of
	Scanning Electron Microscopy (SEM) and Atomic Force Microscopy (AFM) for
	morphological analysis. Their combination brings significant new insight into
	electrochemical aging of the iron oxide thin film anode in LiBs.
	formation both precede conversion to metallic iron and Li2O upon lithiation. The SEI layer had
	a stable composition (Li 2 CO 3 with minor ROCO2Li) but dynamically increases/decreases in
	thickness upon lithiation/delithiation. Conversion, proceeding mostly in the outer part of the
	electrode due to mass transport limitation, caused material swelling accompanied by SEI layer
	thickening. Upon delithiation, lithium was trapped in the deconverted electrode subjected to

shrinking and the SEI layer mostly decomposes and reduces in thickness after deconversion Here, we report on the influence of multi-cycling on both the compositional and morphological modifications of the SEI layer and iron oxide electrode. The application of

Table 1 Binding energies (E B ) and full widths at half-maximum (FWHM) of the component peaks of the C1s and O1s core levels obtained by peak fitting for pristine sample and after 1, 3 and 15 CV cycles.

 1 

		pristine	after 1CV	after 3CV	after 15CV
		E B /FWHM (eV)	E B /FWHM (eV)	E B /FWHM (eV)	E B /FWHM (eV)
	C1s A	285.0/1.4	285.0/1.3	285.0/1.3	285.0/1.3
	C1s B	286.4/1.4	286.7/1.3	286.5/1.3	286.6/1.3
	C1s C	288.4/1.4	288.7/1.3	288.7/1.3	288.7/1.3
	C1s D		289.9/1.3	289.7/1.3	289.8/1.3
	O1s A	530.0/1.2	529.2/1.5	529.3/1.5	529.6/1.5
	O1s B	531.6/1.5	531.8/1.6	531.6/1.6	531.8/1.6
	O1s C	532.8/1.5			
	O1s D		533.5/1.6	533.4/1.6	533.5/1.6

Table 2 Binding energies (E B ), full widths at half-maximum (FWHM) and relative intensities of the XPS component peaks obtained by peak fitting for the pristine electrode and after discharge/charge to different potentials.

 2 The C1s signal of the pristine sample is indicative of the carbonaceous contamination routinely observed on oxide surfaces. The C1s spectra are decomposed into three peaks of hydrocarbons at 285.0 eV, lithium alkyl carbonate at 286.3 eV and carbonyl and/or carboxyl bonds at 288.2 eV. The C1s spectrum after electrochemistry shows one more peak corresponding to Li 2 CO 3 and/or ROCO 2 Li near 289.8 eV.

			pristine		1.2 V discharged	0.84 V discharged	0.01 V discharged	1.7 V charged	3.0 V charged
		E B	FWHM	Area	E B	FWHM	Area	E B	FWHM	Area	E B	FWHM	Area	E B	FWHM	Area	E B	FWHM	Area
		(eV)	(eV)	Ratio	(eV)	(eV)	Ratio	(eV)	(eV)	Ratio	(eV)	(eV)	Ratio	(eV)	(eV)	Ratio	(eV)	(eV)	Ratio
	C1s A	285.0	1.22	1.00 285.0	1.33	1.00 285.0	1.37	0.84 285.0	1.36	0.80 285.0	1.39	0.87 285.0	1.33	1.00
	C1s B	286.3	1.22	0.12 286.5	1.33	0.31 286.6	1.37	0.91 286.5	1.36	0.59 286.6	1.39	0.58 286.6	1.33	0.47
	C1s C	288.2	1.22	0.07 288.7	1.33	0.17 288.4	1.37	0.06 288.4	1.36	0.04 288.5	1.39	0.08 288.6	1.33	0.09
	C1s D				289.7	1.33	0.52 289.9	1.37	1.00 289.9	1.36	1.00 289.8	1.39	1.00 289.8	1.33	0.77
	O1s A	529.8	1.04	1.00 529.3	1.17	0.47										529.3	1.27	0.03
	O1s B	531.4	1.39	0.12 531.4	2.05	1.00 531.8	1.84	1.00 531.6	1.82	1.00 531.6	1.80	1.00 531.8	1.62	1.00
	O1s C	532.9	1.39	0.01														
	O1s D				533.5	1.36	0.06 533.4	1.84	0.28 533.5	1.82	0.15 533.4	1.80	0.12 533.4	1.62	0.17

  Conversion-type transition metal oxides (e.g., CoO, Co 3 O 4 , NiO, CuO, Cu 2 O, FeO, Fe 2 O 3 , Fe 3 O 4 , MnO and Cr 2 O 3 ) present high technological interest for lithium-ion batteries

	1. Introduction
	12.5 ) current
	collector. The mechanisms of lithiation/delithiation of the binary oxide were investigated
	with electrochemical (CV, galvanostatic cycling), spectroscopic (XPS, ToF-SIMS) and
	microscopic (SEM, AFM) analytical techniques. The as-prepared binary (Fe, Cr)-oxide
	electrodes exhibit a good cycling performance except in the first discharge/charge cycle
	where a high irreversible capacity is observed. The influence of substituting iron oxide by
	chromium oxide was evaluated. ToF-SIMS depth profiling shows that the inferior
	electrochemical activity of chromium oxide compared to iron oxide results in hindering
	lithium diffusion in the bulk electrode. It was observed that the morphology modifications
	together with SEI evolution are closely associated with electrode conversion and capacity
	degradation.
	Keywords: lithium-ion batteries; binary (Fe, Cr)-oxide; XPS; ToF-SIMS; SEM; AFM

  3-x Fe x O 4 (x=0, 1, 2), 13 NiFe 2 O 4 , 14 Ca 2 Fe 2 O 5 and Ca 2 Co 2 O 5 , 15 CoMoO 4 16 and Mn 2 CoO 4 17,18 have shown possibilities of tuning energy density and working voltage by varying the metal content.

295 290 285 280 275 Pristine After 1/2 cycle After 1 cycle After 2 cycles After 10 cycles Binding energy / eV Intensity / a.u.

  

	(a)	Li 2 CO 3 ROCO 2 Li	-CH 2 -CH 2 -C-O
		O=C-O
		O=C-N
			After 20 cycles

540 538 536 534 532 530 528 526 Fe-O Intensity / a.u. Binding energy / eV Pristine After 1/2 cycle After 1 cycle After 2 cycles After 10 cycles Li 2 CO 3 ROCO 2 Li RCH 2 OLi Li-O, Fe-O (b) After 20 cycles Table 1 Binding energies (E B ) and full widths at half-maximum (FWHM) of the C1s, O1s, Fe2p 3/2 and Cr2p core levels obtained by peak fitting for the pristine electrode and after 1/2, 1, 2, 10 and 20 cycles.

  

  Fe 2+ in Fe 3 O 4 (at 708.2 eV), Fe 3+ in Fe 2 O 3 and/or Fe 3 O 4 (at 709.8 and 711.0 eV), Fe3+ in FeOOH (at 712.8 eV) and satellite of Fe 2+ (at 714.2 eV), as discussed in detail previously (in chapter 2).25 The Cr2p spectrum for pristine sample show the presence of a Fe 3+ to Fe 2+ ) due to the not completely reversible lithiation/delithiation process.Due to the significant attenuation of the Fe2p peak after the 2 nd cycle, the peak decomposition is very difficult. However, it can be concluded that no important chemical modification is observed on the binary oxide thin film electrode with cycling. After 20 cycles, both Fe2p and Cr2p spectra intensities are completely attenuated by the growth of the SEI layer, confirming continuous thickening of the SEI layer with further electrochemical cycling.

	pristine FWH corresponding to small quantity of Cr 2 O 3 (at 576.3 and 587.3 eV) and traces of CrOOH and/or Cr(OH) 3 (at after 1/2 cycle after 1 cycle after 2 cycles after 10 cycles after 20 cycles FWH FWH FWH FWH FWH
	E B 577.8 and 590.1 eV). M	E B	M	E B	M	E B	M	E B	M	E B		M
	(eV)	(eV)	(eV)	(eV)	(eV)	(eV)	(eV)	(eV)	(eV)	(eV)	(eV)	(eV)
	C1s A The peaks in Fe2p and Cr2p spectra have vanished after 1/2 cycle and reappear 285.0 1.2 285.0 1.3 285.0 1.3 285.0 1.3 285.0 1.3 285.0	1.3
	C1s B attenuated after 1 cycle, which is consistent with the dynamic evolution of the SEI layer 286.3 1.2 286.6 1.3 286.6 1.3 286.6 1.3 286.6 1.3 286.6	1.3
	C1s C C1s D already indicated by the XP C1s and O1s core levels. After 1 cycle, the intensity of Fe 2+ 288.6 1.2 288.7 1.3 288.8 1.3 288.6 1.3 288.4 1.3 288.5 290.0 1.3 289.8 1.3 289.7 1.3 289.7 1.3 289.7	1.3 1.3
	O1s A component at E B (Fe2p 3/2A )= 708.1 eV obviously increases, showing modification of the iron 529.9 10 528.2 1.1 529.4 1.2 529.4 1.3 529.4 1.4 529.5	1.5
	O1s B O1s C oxide matrix (531.5	1.8	531.6	2.0	531.7	1.9	531.6	1.6	531.7	1.6	531.7		1.5
	O1s D		533.6	1.5	533.6	1.5	533.3	1.7	533.3	1.9	533.1		2.1
	Fe2p 3/2A 708.2	1.3	708.1	2.0								
	Fe2p 3/2B 709.8	1.1	709.7	3.1								
	Fe2p 3/2C 711.0	1.9										
	Fe2p 3/2D 712.8	1.9	712.4	3.5								
	Fe2p 3/2E 714.2	1.8										
	Cr2p 1/2A 576.3	3.3										
	Cr2p 3/2B 577.8	2.0										
	Cr2p 3/2C 587.3	3.3										
	Cr2p 3/2D 590.1	2.0										
							For the O1s spectrum, a major oxygen
	component assigned to Fe-O bonds in the iron oxide matrix has vanished after 1/2 cycle due
	to the growth of SEI on the electrode as shown by peaks at ~531.8 and ~533.3 eV. A
	metal-oxygen (Fe-O and/or Li-O) bond reappeared after 1 cycle, showing some
	decomposition of the SEI layer at this first delithiation stage. However, the metal-oxygen
	component peak decreases with further cycling due to SEI thickening as already observed
	from C1s core level spectra.									
	The Fe2p 3/2 spectrum peak fitting for the pristine sample shows five components,

  is the number of electrons per reaction species, A the geometric area of the working electrode, 0.28 cm 2 , D Li the apparent diffusion coefficient of Li in the electrode, ΔC O the change in Li concentration corresponding to the specific electrochemical reaction and ν is the scan rate.

	I	p		0	.	4463	( zF zFA	/	RT	1 )	/	2		C	O	D	Li	1	/	2 	1	/	2	( A -1 )
	which can be simplified for experiments run at room temperature to:
	I	p		2	.	69		10	5	n	3	/	2	AD	Li	1	/	2 	1	/	2		C	O	( A -2 )
	where n																				
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Abstract:

The solid-state diffusion of lithium into α-Fe 2 O 3 thin film electrodes during electrochemical lithiation and delithiation process was investigated using cyclic voltammetry (CV), electrochemical impedance spectroscopy (EIS) and time-of-flight secondary ions mass spectrometry (ToF-SIMS), and the compositional changes of the SEI layer at selected potentials was analysed by X-ray photoelectron spectroscopy (XPS) during discharge/charge.

The diffusion coefficient of lithium (D Li ) obtained by CV from the cathodic and anodic electrochemical reactions are 1.7×10 -15 and 2.4×10 -16 cm 2 s -1 , respectively. The D Li values obtained from EIS show a variation from 10 -15 to 10 -19 cm 2 s -1 as a function of lithiation/delithiation potentials. ToF-SIMS analysis for extracting the diffusion coefficient of lithium (D Li ) was based on the in-depth variation of the Li-ion concentration obtained by depth profiling a partially lithiated sample. It allowed excluding the SEI layer and discriminating Li-ion diffusion in the converted electrode (D Li = 0.6×10 -15 cm 2 s -1 ) and in the intercalation regions ahead of the conversion front (D Li = 2×10 -13 cm 2 s -1 ). The D Li value obtained from cyclic voltammetry analysis of the reductive lithiation is 1.7×10 -15 cm 2 s -1 , slightly higher than that measured in the converted electrode by ToF-SIMS, due to the dynamic process of formation of the SEI layer (confirmed by XPS) and dynamic conversion of the electrode in the analysis conditions. The D Li value obtained from EIS is 3.6×10 -16 cm 2 s -1 at a point corresponding to discharge to 0.84 V, in agreement with the value obtained from ToF-SIMS in the converted region and shows an hindering effect of the SEI layer on ionic migration.

ToF-SIMS analysis, combined with a thin film approach, as a direct measurement method of the Li diffusion in electrodes, was decisive for making distinction between different regimes of diffusion as a function of the lithiation penetration depth and for excluding the influence of SEI layer on the data analysis. In Chapter 4, measurements of apparent diffusion coefficient of lithium (D Li ) into the thin film electrodes were performed using CV, EIS and ToF-SIMS. ToF-SIMS, as a direct method of evaluation of lithium diffusion, has been applied for the first time for the measurement of the D Li into a conversion-type electrode material. The D Li value was extracted from the in-depth variation of the Li-ion concentration by fitting theoretical values of the diffusion coefficient derived from the infinite integration of Fick's second law for 1-dimensional diffusion. The measured value of 0.6×10 -15 cm 2 s -1 in the converted electrode, is lower than that obtained by CV from the cathodic electrochemical reactions (1.66×10 -15 cm 2 s -1 ) due to the dynamic process of conversion and formation of the SEI layer during the cathodic scan. The D Li obtained by EIS in the electrode discharged to 0.84 V is ~2 times lower than that measured in the converted electrode by ToF-SIMS, which was assigned to hindering of the ionic transport by the SEI layer. Comparison of the ToF-SIMS, CV and EIS analysis data thus shows that Li-ion diffusion in SEI layer should not be neglected, as also supported by XPS analysis at selected potentials that confirms the dynamic process of formation of the SEI layer that accompanies discharge/charge of the electrode. The measured value of ~10 -15 cm 2 s -1 in a converted electrode evidences that iron oxide has slow lithiation kinetics owing to its conversion mechanism and thus inferior C-rate charge/discharge behavior. ToF-SIMS, applied to the study of the kinetics of Li-ion migration into such a conversion-type electrode material and combined with a thin film approach, is proved as a direct methodology for extracting diffusion coefficients of lithium that excludes the influence of the surface passivation layer (SEI layer) on the data analysis and discriminates diffusion into converted and intercalated electrode matrices. The ToF-SIMS methodology presented here enlarged the horizon of studying Li diffusion kinetics into electrode for LiBs.

Keywords

In Chapter 5, a (Fe, Cr)-binary oxide thin film was prepared on stainless steel (AISI410, FeCr 12.5 ) current collector. Electrochemical properties (coulombic efficiency and cathodic
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Abstract: In this part, the techniques, equipment and their principles are introduced in details.

Thin film electrodes (iron oxides and/or iron/chromium binary oxides) were prepared by thermal oxidation of pure metal iron and/or stainless steel substrates in air. The electrochemical performances of electrode materials were studied by cyclic voltammetry (CV), electrochemical impedance spectroscopy (EIS) and galvanostatic discharge-charge.

The chemical modifications were analyzed by surface science analytical techniques (X-ray Photoelectron Spectroscopy (XPS) and Time-of-Flight Secondary Ion Mass Spectrometry (ToF-SIMS). The morphology changes were studied by Scanning Electron Microscopy (SEM)

and Atomic Force Microscopy (AFM). The corresponding analysis conditions are presented in the corresponding sections.

Keywords: Electrochemical measurements; XPS; ToF-SIMS; SEM; AFM

Electrochemical measurements

The electrochemical techniques used in this work are cyclic voltammetry (CV), electrochemical impedance spectroscopy (EIS) and galvanostatic discharge-charge cycling.

Cyclic voltammetry (CV)

Cyclic voltammetry (CV) is a type of potentiodynamic electrochemical measurement. In a cyclic voltammetry experiment the working electrode potential is ramped linearly versus time like in linear sweep voltammetry. Cyclic voltammetry takes the experiment a step further than linear sweep voltammetry which ends when it reaches a set potential. When cyclic voltammetry reaches a set potential, the working electrode's potential ramp is inverted.

This inversion can happen multiple times during a single experiment. The current at the working electrode is plotted versus the applied voltage to give the cyclic voltammogram trace.

Cyclic voltammetry is generally used to study the electrochemical properties of an analyte in solution and is the most widely used technique for acquiring qualitative information about electrochemical reactions. [1][2][3] In cyclic voltammetry, the electrode potential ramps linearly versus time. This ramping is known as the experiment's scan rate (V/s). The potential is applied between the reference electrode and the working electrode and the current is measured between the working electrode and the counter electrode. These data are then plotted as current density (i) vs.

potential (E). As the waveform shows in Figure A-2, the forward scan produces a current peak for any analytes that can be reduced (or oxidized depending on the initial scan direction)

through the range of the potential scanned. The current will increase as the potential reaches the reduction potential of the analyte, but then falls off as the concentration of the analyte is depleted close to the electrode surface. If the redox couple is reversible then when the applied potential is reversed, it will reach the potential that will reoxidize the product formed in the first reduction reaction, and produce a current of reverse polarity from the forward scan. This oxidation peak will usually have a similar shape to the reduction peak. As a result, information about the redox potential and electrochemical reaction rates of the compounds is obtained. 3,4 For instance if the electronic transfer at the surface is fast and the current is limited by A charge-discharge cycle is the process of charging a rechargeable battery and discharging it as required into a load. The term is typically used to specify a battery's expected life, as the number of charge-discharge cycles affects life time more than the mere passage of time. In general, the number of cycles (cycling) for a rechargeable battery indicates how many times it can undergo the process of complete charging and discharging until failure or it starting to lose capacity. Coulombic efficiency describes the efficiency with which charge (electrons) are transferred in a system facilitating an electrochemical reaction. 9 In this study, galvanostatic discharge-charge was performed in two kinds of cells (a: In principle XPS detects all elements. In practice, using typical laboratory-scale X-ray sources, XPS detects all elements with an atomic number (Z) of 3 (lithium) and above. It cannot easily detect hydrogen (Z = 1) or helium (Z = 2). The information XPS provides about surface layers or thin film structures is of value in many applications including: polymer surface modification, catalysis, corrosion, adhesion, semiconductor and dielectric materials, electronics packaging, magnetic media and thin film coatings used in a number of industries. 10 

Principles

A sample, introduced in an ultrahigh vacuum chamber, is irradiated with an X-ray beam.

The kinetic energy (in electron volts, eV) of emitted photoelectrons of all elements (except H and He) present at the surface (analysed depth between 1 and 10 nm) is measured with a precision of about 0.2 eV. An electron energy analyzer determines the kinetic energy of the photoelectrons. From the binding energy determined from kinetic energy and intensity of a photoelectron peak, the identity, chemical state and quantity of an element are determined.

Shape and position of peaks depend on the chemical state of the element (the so-called "chemical shift" effect). Area of peaks used in combination with sensitivity factors allow to calculate mole fractions with a detection limit of a few tenths of percent. A detailed analysis of certain well-resolved peaks allows quantifying functionalities present at the surface. On most recent systems the minimum spatial resolution is of about 15 µm and 5 µm for XPS analysis and XPS imaging respectively. In most cases XPS can be considered as a non-destructive technique. 11 A scheme showing the principles of XPS is presented in Figure A-3.

Instrument

A typical Raman spectrometer is made up of five basic parts: 45  Excitation source (generally a laser),

 Sample illumination and scattered light collection system (probe),  Sample holder,  Spectrograph,  Detection system (optical multichannel analyser, photomultiplier tube -PMT, intensified photo array, or a charged coupled device -CCD),

In this work, Raman spectroscopy was performed using a Horiba Labram Aramis Raman spectrograph (T64000) in a back scattering geometry (Institut de minéralogie, de physique des matériaux et de cosmochimie, Université Pierre et Marie Curie) under ambient conditions.

A green laser operating at a wavelength of 532 nm was used as the excitation source. The laser power was ~0.1 mW, focused onto a spot of 1 μm diameter through a 100× objective lens.

Abstract: Investigations on iron oxide anode materials for lithium ion batteries have been presented in the previous chapters. In this part, two suggestions for further works and some initial attempts concerning the application of iron oxide as electrode material in battery are proposed:

-Synthesis of nanostructured iron oxide by means of atomic layer deposition (ALD) using anodic aluminum oxide (AAO) membrane template for application in lithium ion microbatteries;

-Electrochemical behaviour of iron & iron oxide in Fe-air batteries with emphasis on the role of electrolyte additives (i.e. Na 2 S) on the inhibition of hydrogen evolution in Fe-air batteries. 
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