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"A conclusion is the place where you get tired of thinking."
 Arthur Bloch
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 1 Introduction
 1.1 Short history of modern batteries
 Recent decades have seen the clear technological development in society towards portable electronic devices. The development of power sources is important for these to work satisfactorily. They should have high capacity at the same time as being light, fast to recharge and long-lived. Also, it is important that the materials used are environmentally friendly and that the battery is safe to use.
 The Swede Waldemar Jungner invented the NiCd battery in 1899. During the coming years, this battery concept was further developed using improved manufacturing processes and materials. In 1947, Neumann presented the sealed NiCd battery. This maintenance-free battery concept was later commercialised by Sanyo Electric Co. in 1961 (Besenhard, 1999). While the power density of the NiCd battery was good, it suffered from the so-called memory effect, i.e. if the battery is not fully discharged, it cannot then be recharged to its full capacity. The capacity loss is permanent, leading to premature battery failure if maltreated. Moreover, cadmium is highly toxic, and it was therefore desirable to develop a new rechargeable-battery concept. Despite this, cost considerations meant that it was not until the early 1990's that the NiMH battery was introduced onto the market. It had about 30 % better capacity than the NiCd battery, did not suffer from a permanent memory effect and was considerably more environmentally friendly. Even so, because of its better power capabilities, the NiCd battery is still used in such devices as hand-tools and heavy industrial equipment. A disadvantage of both the NiCd and NiMH battery concepts is their relatively low operating voltages, giving them low energy densities.
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 Lithium is the lightest metal and it also has the lowest electrochemical potential vs. NHE, -3.01 V, making it ideal as an anode in a high energy density battery. Already in 1912, G. N. Lewis began to work on a lithium battery, but the first commercial non-rechargeable lithium battery did not emerge until the early 1970's. The first commercial rechargeable Li-ion battery was introduced by Sony in 1990 (Linden, 1994), and is today the most widely used battery type for laptop computers, MP3-players and cellular phones, where the traditional NiCd and NiMH battery energy densities are now considered to low.
 1.2 The Li-ion battery
 In the early stages of developing a rechargeable lithium battery, metallic lithium was used as anode. The reason that metallic lithium was never used in commercial rechargeable batteries is safety issues. During charging, lithium is electrochemically plated onto the anode, giving it a high surface area. This enhances the lithium reactivity with the electrolyte and has been shown to be hazardous (Linden, 1994). Dendrite formation on the anode has also caused batteries to short circuit, leading to thermal runaway reactions and battery explosions in extreme cases (Tarascon & Armand, 2001).
 The lithium battery should not to be confused with today's commercial Li-ion battery, in which elemental lithium is never formed; hence its name. In Li-ion batteries, metallic lithium has been replaced by graphite which is able to store lithium ions. The cathode of a Li-ion battery is normally a lithium-containing transition metal oxide (TMO). If the TMO does not contain lithium, then either the cathode or the anode must be lithiated before the battery is assembled. In practice, this rules out the commercial use of lithium free TMO's due to the high production costs which would be involved. Nevertheless, TMO's not containing lithium are frequently used for battery research purposes in conjunction with a lithium-foil anode, i.e., as a "lithium battery". The electrolyte in a Li-ion battery consists of a mixture of organic carbonates containing some dissolved lithium salt. Examples of such carbonates are: ethylene carbonate (EC), propylene carbonate (PC), dimethyl carbonate (DMC) and diethyl carbonate (DEC). Commonly used lithium salts for research purposes are lithium tetrafluoroborate (LiBF4) and lithium hexafluorophosphate (LiPF6).
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 A commercial rechargeable Li-ion battery today comprises LiCoO2 or Li(Ni,Co)O2 as cathode, an organic solvent with lithium trifluoromethane-sulfonylimide (LiTFSI) as electrolyte and a graphite anode. On charging, lithium ions are extracted from the cathode and inserted into the graphite, while a current passes through the outer circuit. The reverse process occurs on discharge. A schematic representation of such a Li-ion battery is given in Fig. 1.1.
 Figure 1.1 A schematic picture of a Li-ion battery utilizing a LiCoO2 cathode and a graphite anode (Manthiram & Kim, 1998)1.
 1.3 Some lithium insertion/extraction mechanisms When operating a Li-ion battery, the shape of the potential vs. charge
 curve (referred to as the charge or discharge curve in this thesis) depends mainly on the lithium insertion/extraction mechanisms in the cathode material. The three main mechanisms are: solid solution formation, the
 1 Reprinted with permission from Chemistry of Materials, 10, Manthiram, A. & Kim, J., “Low Temperature Synthesis of Insertion Oxides for Lithium Batteries”, 2895-2909, Copyright 1998, with permission from American Chemical Society.
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 formation of stoichiometric phases, and metallic displacive reactions. The change in chemical potential of lithium in the cathode vs. the anode depends on these mechanisms (Ceder & Aydinol, 1998). Most cathode materials show different mechanisms depending on their state of charge. Thus, features in the discharge curve correspond to lithium insertion mechanisms occurring under different states of charge of the battery. In the following discussions of insertion mechanisms, a metallic-lithium anode is assumed. Features of the discharge curve are thus only cathode related.
 In a solid solution mechanism, lithium ions are extracted from the cathode with no observable long-range-order; this results in a smooth variation in cathode composition. For each lithium ion extracted, the chemical potential of the next extracted lithium ion will be slightly altered vs. the anode. The resulting charge curve will tend to slope gradually. During lithium extraction, the cell parameters change smoothly due to change in electrostatic interaction in the host material, although the crystal system and its symmetry is retained. During this type of lithium extraction, a powder diffraction pattern will show changes in the diffraction angles and peak intensities as a function of charge, but no new reflections will be observed. A good example of such a solid solution mechanism is that occurring in LixMn2O4 for 0.4 < x < 1 (Thackeray et al., 1984) (Fig. 1.2).
 Figure 1.2 A charge/discharge curve for LiMn2O4 vs. Li/Li+. Solid solution of lithium is occurring for LixMn2O4, 0.5<x<1 (Saïdi et al., 1995).
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 Another possible mechanism under lithium extraction is the formation of discrete stoichiometric phases. In a well-ordered compound with a certain stoichiometry and chemical potential vs. the anode, the extraction of a lithium ion can cause the remaining lithium ions to rearrange to form a new structure in which the lithium ions have a higher chemical potential vs. the anode. The next lithium ion extracted will again be from the structure with the original composition and, as long as the first phase is still present, each successive lithium ion which is extracted will have the same chemical potential vs. the anode as the previous one. This sequence appears as a plateau in the charge curve, with the cell potential remaining constant until the first phase is totally depleted. If a series of stoichiometric phases is formed in this way, each new phase results in a change in potential and a levelling out on a new plateau; the resulting charge curve will thus have a "staircase" appearance. On a plateau, the powder diffraction pattern for the cathode material will contain reflections from the two phases present; their relative intensities express the state of charge of the battery. An example of a material exhibiting such staircase behaviour is Li3V2(PO4) (Gaubicher et al.,2000) (Fig. 1.3). In some rare cases, the cathode material forms only two phases, one lithium-rich and one lithium-poor. The charge curve will then only have one plateau, and the cell potential will be independent of the state of charge. LiFePO4 is such a material (Padhi et al. 1997).
 Figure 1.3 Two charge/discharge cycles for Li3V2(PO4)3 vs. Li/Li+, showing well-defined staircase behaviour (Huang et al., 2002).
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 Materials showing so-called metallic displacive reactions have been studied recently, both as anodes and cathodes. In these compounds, the lithium ions either alloy with or are inserted into the host material. As this proceeds, part of the electrode material is extruded to form a metallic “foam” around the particles. The reaction is reversible, and the extruded metal is absorbed on recharging. This can be seen as a special case of the stoichiometric phase mechanism, where the new phases formed are the extruded metal and the lithium-containing material. Charge curves for these materials again show "staircase" behaviour, which tends to have more features on charge than discharge (Fig. 1.4). Examples of extrusion materials are Cu2Sb (anode) and Cu2.33V4O11 (cathode) [Fransson et al., 2001; Morcrette et al., 2003].
 Figure 1.4 A discharge/charge curve for electrodeposited Cu2Sb vs. Li/Li+
 (Bryngelsson, 2004).
 The effect of lithium insertion into a crystalline host is not only dependent on the insertion mechanism, but also on the kinetics of the process. As the lithium ions enter the crystal surface and diffuse inwards, a lithium gradient propagates through the crystal. The accompanying unit-cell volume changes and phase transitions cause significant stress in the cathode particles (Wang et al., 1999). This causes dislocations, stacking faults and crystal degradation of the electrode material, resulting in loss of lithium storage capacity. For LiFePO4, poor electronic conductivity of both LiFePO4 and FePO4 severely
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 inhibits full utilisation of the material (Ravet et al., 1999). Degradation of the battery material is invariably linked directly to the rate and depth of charge/discharge; the higher the rate and the deeper the charge/discharge, the more damage occurs in the crystallites.
 In situ powder diffraction has proven a powerful tool in monitoring structural changes in electrode materials during battery operation. The electrochemical cell is mounted on the diffractometer and powder diffraction data is collected under different states of charge by passing the beam through the entire cell. Phase evolution and possible material degradation can be monitored in this way. This technique has the advantage that it is readily available, fast and easy to use. In fact, in situ powder XRD studies have nowadays become almost routine [Reimers et al., 1992; Gustafsson et al.,1992; Amatucci et al., 1996]. The disadvantage of in situ powder XRD is the considerable background resulting from packing material, current collectors and the counter electrode. Solving crystal structures from powder diffraction data is therefore quite challenging; it can be difficult to determine the correct crystal system and space-group from powder diffraction patterns alone. Since lithium is a very "light" element, it can be difficult to detect structural changes caused by long-range lithium ordering from powder XRD. Neutron powder diffraction is more sensitive to lithium, and is therefore better suited for lithium intercalation studies. Unfortunately, this technique is not readily available. The relatively large amount of sample needed also limits its use to ex situ studies or requires the use of specially designed electrochemical cells (Bergström et al., 1998a).
 The obvious way to alleviate these difficulties is to use single-crystal diffraction. Since single-crystal neutron diffraction needs extremely large crystals, this technique is generally limited to XRD. In 1997, Bergström etal. introduced a method to insert lithium electrochemically into single crystals by incorporating them into a standard powder cathode. The cathode was then discharge to the appropriate cell voltage and the crystal retrieved. To avoid shattering the crystal, the electrochemical cycling of these batteries must be performed very carefully, and the sample preparation is most time-consuming. In 2001, Dokko et al. presented a new method to delithiate small single crystals of LiMn2O4 by using microelectrodes.
 If single-crystal XRD data is of sufficiently high quality, it will also be possible to perform electron density deformation refinements (Hirshfeld, 1971). Changes in electron configuration on lithium insertion can be probed in this way, thus making it possible to monitor reduction and oxidation
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 processes [Bergström et al., 1998c; Björk, 2002]. Electron density studies, but using other calculation methods, have also been performed on LiMn2O4by Takahashi et al. (2003). Björk et al. (2001) also showed that single-crystal X-ray diffraction is an excellent tool for identifying superstructure formation induced by long-range interactions between the inserted lithium ions.
 Even single-crystal XRD has its own special problems: growth of sufficiently large single crystals is difficult for most materials, and the internal stress in the crystals on lithium insertion can also cause them to shatter. Moreover, electrochemically treated crystals are also often air and moisture sensitive, necessitating that they are given a protective coating or sealed into a capillary, since data collections can take several months. These difficulties have meant that single-crystal XRD studies of electrochemically treated crystals have so far been limited to be preformed ex situ; the phase evolution of these crystals cannot therefore be monitored continuously.
 1.4 Scope of this thesis This work can be divided into two parts. Lithium insertion mechanisms
 have first been studied using single-crystal XRD. V6O13 and one of its lithiated phases have been studied at both room and low temperature (I-III). Changes in the oxidation state of the vanadium ions under lithium insertion have also been studied using soft X-ray absorption and emission spectroscopy (VI). V6O13 was earlier seen as a promising cathode material for lithium polymer batteries using metallic lithium as anode. Today, the use of V6O13 in commercial batteries would seem unpractical, although its rich lithium insertion chemistry still makes it a good model compound for studying insertion mechanisms. Knowledge gained by studying such a material can help us understand mechanisms and functionality in other materials. Moreover, single-crystals of LiFePO4 have been delithiated electrochemically and investigated using single-crystal X-ray diffraction (IV).
 As mentioned above, single-crystal X-ray diffraction has proven to be a most powerful tool for investigating structural behaviour in lithium intercalation materials. The major problem with this technique has been sample preparation, and this has limited its use to ex situ studies. The second part of this work has therefore been to develop a single-crystal electrochemical cell for in situ XRD experiments (V).
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 2 Cathode materials
 The materials studies in this thesis work have been the cathode materials V6O13 and LiFePO4. Below follow detailed descriptions of their respective structures and a summary of their lithium insertion and extraction chemistries.
 2.1 V6O13
 The crystal structure of V6O13 was first solved as V12O26 by Aebi (1948) and later refined as V6O13 by Wilhelmi et al. (1971). The crystal system is monoclinic with the space-group C2/m. The structure comprises distorted VO6-octahedra sharing edges and corners, forming alternating corner-sharing single and double layers (Fig. 2.1). This gives rise to large channels in the b-
 Figure 2.1 The structure of V6O13 showing the VO6-octahedra building blocks, arranged in alternating single and double layers (left) and by ellipsoid representation with the unique atoms marked (right).
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 direction of the crystal structure, thus providing the lithium ions with good diffusion pathways. There are three unique vanadium atoms and seven unique oxygen atoms in the structure, all situated on the ac-plane of the unit-cell, which is also a mirror plane.
 Many vanadium oxides show phase transitions upon cooling [Dernier & Marazio, 1970; Marezio et al., 1973]. From conductivity measurements on sintered powder samples, V6O13 has been reported by Kachi et al. (1963) to undergo a semiconductor-semiconductor transition at 156 K. In 1973, Saeki et al. developed a CVT method to grow single crystals of V6O13 and made new conductivity measurements. They reported the phase transition to occur at 147 K on cooling and at 151 K on heating. From single-crystal XRD, they also presented refined cell parameters for the low-temperature phase, showing that the crystal system was monoclinic. They also commented that the crystals sometimes shatter on cooling; giving evidence of significant structural changes and stress in the crystal. Kawada et al. (1973) suggested the space-group P21/a for the low-temperature phase, but it was Dernier (1974) who first reported a refined structure. He used single-crystal XRD and refined the structure in the non-centrosymmetric monoclinic space-group C2. Kawada et al. (1978) later refined the structure in the (by them) previously reported centrosymmetric space-group P21/a, also using single-crystal XRD.
 V6O13 was first introduced as a cathode material for lithium polymer batteries by Murphy et al. (1979). During discharge, six lithium ions per formula unit can be inserted, giving the near-amorphous end phase Li6V6O13.Nevertheless, the reaction is fully reversible and the material forms the well-ordered V6O13 structure again on lithium extraction. The voltage range is 3.0 – 1.8 V vs. Li/Li+. The theoretical and practical capacity of the material is 314 mAh/g. This can be compared with ca. 150 mAh/g for the commercially available LiCoO2, where only slightly more than half the theoretical capacity can be utilized (Tarascon & Armand, 2001). The discharge curve for V6O13vs. Li/Li+ is shown in (Fig. 2.2).
 During discharge, V6O13 forms many discrete stoichiometric phases; the discharge curve is thus of staircase type. So far, the structures of Li2/3V6O13and LiV6O13 (Björk et al., 2001), Li2V6O13 (Bergström et al., 1997) and Li3V6O13 (Bergström et al., 1998b) have been solved using single-crystal XRD. It has been shown that for LixV6O13, 0<x<2, lithium prefers to enter the structure close to its single layer. The lithium ions are, in these phases,
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 five-fold coordinated by oxygen in a square pyramidal geometry, with the lithium situated slightly outside the pyramid. Also, superstructures are formed for Li2/3V6O13 and LiV6O13, with triple and double unit-cell volume, respectively. On reaching x=3, a drastic rearrangement of the lithium ions occurs. Two lithium ions have moved into the double layer and one in the single layer. In the double layer, the lithium ions are still five-fold coordinated in a square pyramid, while the lithium ion in the single layer has a square four-fold coordination. The single-layer lithium ion is disordered, and it is believed to be equally distributed slightly above and below the layer. Bergström et al. (1998b) refined this atom in two half-occupied positions, one above and one below the single layer. The space-group is C2/m for all four lithiated structures and in all structures the atoms are situated on the mirror plane.
 Figure 2.2 The discharge curve for V6O13 vs. Li/Li+. The arrows mark the cell potential for different LixV6O13 phases.
 2.2 LiFePO4
 LiFePO4 has the olivine structure type (Yakubovish et al., 1977); the crystal system is orthorhombic with space-group Pnma. The structure comprises distorted, corner-sharing FeO6 octahedra in the b- and c-
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 directions. These slabs are then connected in the a-direction via corner- and edge-sharing with the phosphate groups (Fig. 2.3). The highly distorted LiO6octahedra form edge-sharing chains in the b-direction. These chains serve as channels through which the lithium ions can diffuse in and out of the host FePO4 structure, whose framework is only slightly distorted during lithium ion insertion/extraction. It can be added that LiFePO4 is a very hard material.
 Figure 2.3 The structure of LiFePO4; light and dark grey polyhedra represent FeO6and -3
 4PO , respectively. White atoms are lithium.
 The use of LiFePO4 as a cathode material in secondary Li-ion batteries was first introduced by Padhi et al. (1997). The lithium insertion/extraction mechanism is a pure two-phase reaction with the end-members LiFePO4 and FePO4, giving an extremely flat discharge curve at ca. 3.5 V (Fig. 2.4). The theoretical capacity of the material is 170 mAh/g. The structure of FePO4formed on lithium extraction has been refined using both X-ray (Andersson et al., 2000) and neutron powder diffraction (Andersson & Thomas, 2001). The a- and b-axes of FePO4 are 5 and 4 % shorter, respectively, than those of LiFePO4, while the c-axis is 1 % longer.
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 Figure 2.4 A charge curve for untreated LiFePO4 vs. Li/Li+ (Nytén, 2004).
 Since all elements in this material are abundant in nature, LiFePO4 is seen as a potential cathode material in future electric hybrid vehicle (EHV) applications. Unfortunately, it is difficult to utilize the full capacity of LiFePO4 (Tarascon & Armand, 2001). In general, only 60-70% of the lithium can be extracted, the capacity fade on cycling is also large and the rate capability poor. These features have been thought to be a consequence of the poor electronic conductivity of the LiFePO4/FePO4 system. Two models for the lithium-ion insertion/extraction mechanism in LiFePO4 were introduced by Andersson et al. (2000). The radial model suggests that lithium extraction starts at the particle surface and propagates inwards towards the core, with all lithium not being extracted. On lithium reinsertion, the remnant unreacted LiFePO4 is passivated by a layer of near-amorphous FePO4. In the mosaic model, lithium extraction starts at different points throughout the particle. When the FePO4 regions come in contact with one another, LiFePO4 is trapped between them. As in the radial model, on lithium insertion, this LiFePO4 is passivated, resulting in permanent capacity loss. Schematic illustrations of these two models are reproduced in Fig. 2.5. During recent years, efforts have been made to improve the capacity of LiFePO4 by increasing the effective electronic conductivity of the material. Doping with other metals (Chung et al., 2002), exchanging phosphate for other anions (Abouimrane et al., 2003) and coating of the particles with carbon (Ravet et al. 1999) have all been tested. Such efforts are still very actively on-going.
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 Figure 2.5 Schematic picture showing (a) the radial and (b) the mosaic model for lithium extraction and reinsertion for LiFePO4, suggested by Andersson et al., 2001.2
 2 Reprinted from Journal of Power Sources, 97-98, Andersson, A. S. & Thomas J. O., "The source of first-cycle capacity loss in LiFePO4", 498-502, Copyright 2001, with permission from Elsevier.
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 3 Experimental
 Since lithium-ion diffusion in solids is poor, it is important that the crystals incorporated in batteries for lithium insertion are small. Apart from reducing experimental time, it also lowers the risk of the crystals shattering as they undergo phase transitions. This has to be weighted against crystallinity requirement for single-crystal XRD. A crystal consists of many small mosaic blocks, slightly tilted with respect to one another and separated by small cracks and fissures. For single-crystal XRD, the mosaic structure within the crystal should be "ideally imperfect". This means that the crystal should contain many mosaic blocks, and that those should not be perfectly aligned. This minimizes secondary extinction effects in the crystal (Giacovazzo et al., 1998). Secondary extinction arises if one mosaic block diffracts a large part of the primary beam, thus shielding underlying blocks. The largest effect is seen in strong, low-angle reflections. The crystal should also be of optimal size; as the X-ray beam penetrates the crystal and is diffracted, part of the beam is also absorbed in the crystal. The larger the crystal, the larger is the absorption. As a rule of thumb, the crystal should not be larger than 0.2 mm in any dimension, although this depends heavily on the elements in the crystal. On the other hand, if the crystal is too small, the reflections will be weak and the statistical error on the measured reflection intensities will be large. Secondary extinction is also directly proportional to crystal size; the larger the crystal, the larger the secondary extinction. Both absorption and secondary extinction can be corrected for, but are nevertheless sources for erroneous data. Both absorption and secondary extinction effects can also be reduced by using shorter radiation wavelengths.
 3.1 Powder synthesis and single-crystal growth The V6O13 powders used in this work were synthesized as described by
 Lampe-Önnerud & Thomas (1995). In this method, NH4VO3 decomposes on
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 heating in a sealed stainless steel reaction chamber. The composition of the resulting vanadium oxide can be controlled by adjusting the heating rate and the pressure in the reaction chamber. Single crystals of the same material were grown using the chemical vapour transport (CVT) method described by Saeki et al. (1973). The black crystals thus obtained are of excellent quality, leading to problems with secondary extinction. Crystal dimensions range from 0.05 mm to >2 mm.
 Single crystals of LiFePO4 were grown using hydrothermal synthesis from LiF, Fe2O3 and (NH4)2HPO4 (Belov et al., 1981). The crystals are colourless and transparent and in the dimension range 0.05 - 0.20 mm. These crystals are of good quality and yet give little or no secondary extinction effects.
 3.2 Electrochemical methods The electrochemical measurements have been performed on a MacPile II
 battery testing unit, a Digatron MBT testing unit with BTS-600 software, and a mAutolab Type II potentiostat using GPES software. The methods used have been potentiostatic, galvanostatic and pulsed galvanostatic cycling.
 In potentiostatic cycling, a potential is applied to the battery and the current decay is monitored. When the current reaches a set limit, a new potential step is taken and the procedure repeated. If the potential steps taken are small and the current limit is sufficiently low, the active material will always be close to equilibrium. This method is suitable when lithiating single crystals.
 In galvanostatic cycling, a constant current is applied to the battery and the potential is monitored. This method is appropriate for measuring the rate capability of materials. It is generally faster than potentiostatic cycling and mimics the way a battery is used in its everyday applications.
 Pulsed galvanostatic methods have only been used in work on the single-crystal electrochemical cell. Here, a 5 nA current has been applied for 1 s, and the battery then allowed to equilibrate for 59, 99 or 299 s. Using this method, the surface of the crystal acquires a high content of lithium, which then diminishes on relaxation as the inserted lithium diffuses deeper into the crystal.
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 3.3 Test cells and electrochemical lithiation of single crystals A cathode mixture containing as-synthesized V6O13 powder, CB and
 EPDM (80:15:5 mass %) was mixed in a ceramic ball-mill for 1 h and then spread onto an aluminium foil using a wire bar. Cathodes with 2 cm diameter were punched out, weighed and transported into a glove-box with Ar atmosphere (H2O, O2 < 5 ppm). Those were then dried overnight at 120 ¯C in a vacuum oven. The test cells were of “coffee-bag” type, as described by Gustafsson et al. (1992). The electrolytes used were either 1 M LiBF4 in EC:DEC (2:1 by volume) or 1 M LiBF4 in EC:DMC (2:1 by volume). Glass fibre cloth was used as separator and lithium foil as anode.
 When lithium ions were to be inserted into or extracted from single crystals, two different methods were used. For V6O13, the method was as described by Bergström et al. (1997). For LiFePO4, single crystals were placed directly on an aluminium foil, covered by a slurry of CB and EPDM, and incorporated into a test cell. The batteries were otherwise assembled as described above.
 3.4 The single-crystal electrochemical cell An electrochemical cell containing only one single crystal as cathode has
 been developed for in situ XRD. The electrochemical system used has been V6O13 vs. Li/Li+. In getting this battery to work, a number of problems had to be solved. How is electronic contact between the crystal and the current collector to be achieved? How do we get the battery airtight? What are the optimal materials to use? It turned out that the best solution was to make the battery as much like a “real” test-cell as possible. The choice of container for the cell is critical. The walls of the glass capillary have to be as thin as possible to avoid X-ray absorption during the measurements. At the same time, the inner diameter of the capillary should be small to avoid X-ray absorption through the electrolyte. The tip of a Pasteur pipette has been used here. This has thin walls, a small inner diameter and its conical shape is practical when the electrolyte is to be inserted. Before use, the glass container was cleaned in aqua regia and rinsed thoroughly with ethanol.
 The cathode was assembled as follow: an aluminium wire (20 mmdiameter; Goodfellow) was attached to a larger diameter Al-wire by squeezing them together. A crystal of suitable dimensions for single-crystal XRD measurements was attached to the thin aluminium wire using EPDM
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 dissolved in xylene. Great care was taken to cover as small an area of the crystal as possible with EPDM. This is important for the electronic contact between the crystal and the aluminium wire. To achieve this, the crystal was coated with CB:EPDM (3:1 mass ratio) dissolved in cyclohexane. It was ensured that the carbon coating covered the whole crystal as well as part of the thin Al-wire.
 The anode was prepared in a glove-box with Ar atmosphere (H2O, O2 < 5 ppm) by dipping a copper wire (125 mm diameter; Goodfellow) into molten lithium; ca. 2 mm at the end of the copper wire became coated with lithium.
 The electrodes were glued into place on assembling the electrochemical cell. It was soon seen that the electrolytes used in lithium batteries were very corrosive for many kinds of glue. Several brands and types of epoxy glue were tried, but all were softened or partially dissolved by the electrolyte. It was found that polyurethane (Cascol Polyurethane; Casco) showed prolonged resistance to the electrolyte, and was therefore used to glue the cathode into place. Polyurethane is hardened by moisture, so the cathode was glued into place outside the glove-box; the cathode was inserted into the thin part of the Pasteur pipette. Doing this operation, it was ensured that the larger Al-wire was completely covered by polyurethane. The glue was then allowed to harden at room temperature for one week. When polyurethane hardens, gas is evolved, giving a somewhat porous, elastic glue. The polyurethane was therefore covered by epoxy glue for stabilisation and extra protection against air and moisture. This "half-cell" was then transferred into the glove-box and vacuum dried at room temperature for 24 h.
 The electrolyte was inserted in the capillary using a syringe with a small diameter silicon tube. The electrolyte used was 1 M LiBF4 in EC:DMC (2:1 by volume). The capillary was not completely filled and care had to be taken to ensure that no electrolyte remained on the rim of the glass container. The anode was then inserted as close to the cathode as possible (without interfering with the diffraction experiments to be carried out), and glued into place using epoxy glue (Araldit Rapid; Casco). Care was taken to see that no glue came in contact with the electrolyte. The glue was left to harden for 24 h. Before removing the battery from the glove-box, extra epoxy glue was added to the anode side to assure that the battery was airtight. When handling the assembled cell, care must again be taken to see that the electrolyte does not come in contact with the epoxy glue at the anode side. A schematic drawing of the assembled battery and a photography taken with a video camera mounted on the Bruker diffractometer are shown in Fig. 3.1.
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 Figure 3.1 Schematic drawing (left) and photograph (right) of the construction of the single-crystal electrochemical cell.
 The electrochemical experiments were performed using the pulsed galvanostatic method described above. Because of the very low currents used and the delicate electrochemical system, the battery was placed inside a Faraday cage to protect it from external electric fields.
 3.5 Single-crystal XRD measurements For details concerning single-crystal diffraction and measuring
 techniques, the textbooks “Fundamentals of Crystallography” (Giacovazzo et al., 2002) and “Structure Determination by X-Ray Crystallography” (Ladd & Palmer, 2003) are recommended.
 The single-crystal XRD experiments in I, V and the measurements on Li3V6O13 in III have been performed at the Department of Materials Chemistry, Uppsala University, Sweden and those in II, IV and the measurements on Li3+dV6O13 in III at beamline I711, MAX-lab, Lund University, Sweden.
 The diffractometers used in Uppsala have been a STOE & Cie 4-circle and a Bruker SMART APEX. The STOE diffractometer is equipped with a scintillation detector and aKMo radiation (l=0.71073 Å). The Bruker APEX diffractometer is equipped with a 2 K resolution CCD area detector covering approximately 56¯ in 2q with a sample-detector distance of ca. 6
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 cm. The diffractometer has been equipped with two different X-ray tubes: aKMo and aKAg (l=0.56087 Å).
 The diffraction experiments performed in Lund used synchrotron radiation (l=0.872 Å). The I711 beamline is equipped with a Bruker SMART 1000 CCD detector (Cerenius et al., 2000).
 The cooling equipment used for the low-temperature measurements in Iand II has been an Oxford Cryosystems 600 Series Cryostream Cooler, using liquid nitrogen as cooling agent. Nitrogen gas with a temperature range of 80-375 K is blown onto the crystal via a heat exchanger; the nitrogen stream is surrounded by a flow of dry air to avoid ice formation when working at temperatures below 0¯C.
 3.5.1 Synchrotron radiation The great benefit of using high intensity synchrotron radiation is that it
 opens the possibility of using much smaller crystals. On a standard diffractometer, the crystal dimensions must be of the order 0.05-0.2 mm. By comparison, on the I711 beamline, the crystal should not be larger than 0.05 mm. This is a big advantage when working with electrochemically lithiated or delithiated crystals, as they often shatter during electrochemical treatment or falls apart on handling. The exposure times are in the range 1-2 s/frame, making it possible to collect a complete dataset up to 2q=100¯ in 4-8 h. The disadvantage of the I711 beamline is the rather long wavelength (0.872 Å), giving large absorption through the crystal and mounting materials. Experimental time at the beamline is also limited to a few days per year.
 3.6 Soft X-ray spectroscopy The soft X-ray spectroscopy measurements in VI were performed at the
 undulator beamline I511-3, MAX-lab, Lund University, Sweden (Denecke etal., 1999). Both soft X-ray absorption (SXA) and emission (SXE) spectra were recorded ex situ on LixV6O13 cathodes with x=0, 1, ..., 6. With these techniques, it is possible to probe the electronic structure of the vanadium and oxygen atoms, and the changes which occur as lithium insertion proceeds. Since the spectra represent the total electronic state of the probed element, it is possible to follow the evolution of different oxidation states, but not identify which unique atom in the structure is reduced or oxidized.
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 4 Results
 So far, four different lithiated phases in the LixV6O13 system have been structure determined: Li2V6O13 and Li3V6O13 by Bergström et al., (1997 & 1998b); Li2/3V6O13 and LiV6O13 by Björk et al., (2001), all using ex situsingle-crystal XRD. In Li2/3V6O13 and LiV6O13, lithium ions are inserted to form superstructures with triple and double unit-cell volumes, respectively, with respect to that of V6O13. It is believed that the first lithium ion inserted causes a local distortion in the V6O13 host structure. This local distortion is then "detected" by the next lithium ion to enter the structure, making it more favourable to occupy an equivalent position but in a nearby unit-cell, and hence giving rise to superstructure formation. The lithium ions in Li2/3V6O13,LiV6O13 and Li2V6O13 are all bonded to the oxygen atoms which coordinate to V1 and V3. On reaching the composition Li2V6O13, all such positions are filled and the original V6O13 unit-cell is once again obtained. The oxygen coordination around lithium in Li2/3V6O13, LiV6O13 and Li2V6O13 is five-fold in a square planar pyramidal geometry, with the lithium ion situated slightly outside the basal plane of the pyramid. The lithium positions in these first three phases are in the channels formed between the single and double layers (Fig. 2.1). As more lithium is inserted, electrostatic interactions force the lithium ions in the channels to rearrange. Thus, in Li3V6O13, one lithium ion (Li1) has moved into the double layer and another (Li2) into the single layer of the V6O13 host structure. Li1 has the pyramidal oxygen coordination found in the earlier LixV6O13 phases, while Li2 has square-planar oxygen coordination - unusual for lithium. Li2 is situated on an inversion centre, the structural environments above and below this position being identical. From the refinements made by Bergström et al. (1998b), it was clear that Li2 is disordered; it was refined with equal occupations in two positions close to but on either side of the inversion centre. Despite this disorder model, Li2 still shows unusually large anisotropic displacement parameters. It is not clear whether the disorder is static or dynamic.
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 4.1 The structure of V6O13 at 95 K Experimental details concerning sample preparation, measuring strategies
 and refinements are presented in I.From DSC measurements, it has been determined that the phase transition
 in V6O13 occurs at 153 K on heating, with DHtrans=-1.98 kJ mol-1 (Fig. 4.1). This result is in good agreement with earlier studies [151 (Saeki et al., 1973) and 156 K (Kachi et al., 1963)]. The space-group of the low-temperature phase has been determined to be Pc, contrary to the earlier reported space-groups C2 and P21/a. The changes in cell parameters are also in good agreement with earlier reports (Table 4.1); the unit-cell volume increasing by 0.5 % from 436.36(6) Å3 at room-temperature to 438.52(5) Å3 at 95 K. Since V6O13 single crystals are very brittle, this volume expansion is enough to cause severe stress in the crystals. Indeed, several of the largest crystals used in the DSC measurements shattered during the experiment. Also, the diffraction pattern from a single crystal taken through the phase transition several times begins to show powder diffraction lines.
 Figure 4.1 DSC curves for V6O13 single-crystals. Heating rate: 5 K/min.
 The low-temperature structure of V6O13 is shown in Fig. 4.2. On lowering the temperature through the phase transition, all atoms move out of the mirror plane they occupy at room temperature. All displacements are less than 0.035 Å except for V1a and V1b; V1a has the largest shift (0.21(1) Å), while V1b shifts by 0.06(1) Å.
 Comparison of bond distances for the vanadium atoms at low and room temperature, suggests that electron transfer occurs between V1 and V3.
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 Particularly V1b develops a distinct vanadyl bond with O4a - the oxygen atom connecting the two V1x octahedra. Both V3x atoms still have clear vanadyl bonds, but the corresponding long V—O bonds have shortened while the average V3x—O3x bond lengths have increased. Bond valance calculations (Wills & Brown, 1999) show that V3 has been reduced, while V1a has been oxidized on passing through the phase transition. The changes in oxidation state for the other vanadium atoms are very small.
 Table 4.1 Cell parameters for the low-temperature phase of V6O13 in the Pc setting. This work, I Kawada et al.
 (1973) Dernier (1974)
 a / Å 10.0605(4) 10.07(2) 10.064(2) b / Å 3.7108(3) 3.713(3) 3.707(1) c / Å 11.9633(6) 11.96(1) 11.963(2) b / ¯ 100.927(4) 100.9(2) 100.96(1) V / Å3 438.52(5) 439.4(15) 438.1(1)
 Figure 4.2 The low-temperature structure of V6O13 (left) and the single-layer viewed along the a-axis (right). Thermal ellipsoids are drawn at a 95 % probability level.
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 4.2 The structures of Li3V6O13 and Li3+dV6O13
 Could the apparent disorder of Li2 in the Li3V6O13 structure indicate the presence of an as yet unobserved superstructure? This is not unreasonable since at least two superstructures are formed during lithium insertion in the V6O13 system. Alternatively, could the disorder be an artefact of imposing too high a symmetry on the structure? From the shape of the discharge curve for V6O13 vs. Li/Li+ (Fig. 2.2), the lithium insertion mechanism for LixV6O13,3<x<4, can be interpreted as corresponding to that for a solid solution. Further lithium insertion into Li3V6O13 to a composition Li3+dV6O13, d<1, can trigger an ordering of Li2 in the Li3V6O13 structure, thereby lowering the symmetry or forming a superstructure. Single-crystal XRD studies of these phases were performed to test these ideas. Data were collected using an area detector, which allows superstructure formation to be detected more easily. The experimental procedures, data collections and refinements of Li3V6O13
 and Li3+dV6O13 are described for the room-temperature structures in III, and for the low-temperature structure of Li3+dV6O13 in II. The same Li3+dV6O13crystal was used for both the room- and low-temperature measurements.
 4.2.1 Li3V6O13
 No superstructure formation or lowering of symmetry could be identified for the Li3V6O13 structure. The space-group was determined to be C2/m, and the refined structure is in good agreement with that reported by Bergström et al. (1998b). Attempts were made to refine Li2 as two sites with an equal occupancy above and below the inversion centre, but these resulted in only a small decrease in wR(F2). It was therefore decided not to proceed with this model. The refined structure of Li3V6O13 is shown in Fig. 4.3. The displacement ellipsoid for Li2 describes two equivalent sites above and below the inversion centre, and their partial overlap. From these results and those of Bergström et al. (1998b), it is concluded that Li2 is disordered in an otherwise well-ordered structure. This is surprising in view of the superstructures formed in Li2/3V6O13 and LiV6O13, but can be explained by the structural environment of Li2. Since the next-nearest oxygen neighbours, O5 and O6, are more than 3 Å away, Li2 will interact mainly with O1 and O4 which form the square-planar coordination. The effect on the rest of the structure on moving Li2 to either side of the plane is too small to induce superstructure formation or loss of centrosymmetry.
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 Figure 4.3 The refined structure of Li3V6O13; orange, red and white atoms are vanadium, oxygen and lithium, respectively. The Li2 displacement ellipsoid describes two equivalent sites above and below the inversion centre, and their partial overlap. Displacement parameters are drawn at a 90 % probability level.
 4.2.2 Room-temperature structure of Li3+dV6O13
 As in all previously reported room-temperature structures of lithiated V6O13, the Li3+dV6O13 phase also has the space-group C2/m. Contrary to expectations, however, superstructure formation or lowering of symmetry was not observed. The new lithium ion (Li3) is inserted between the V1 and V2 octahedra of the V6O13 host structure and is coordinated by five oxygen atoms in a square-pyramidal coordination (Fig. 4.4). The multiplicity of this position is four, which would give a composition Li5V6O13 if fully occupied. Thus, as the battery is discharged to 2.30 V, this site must be partially occupied; the net composition of the crystal was determined to be Li3.24V6O13. The refined structure of Li3+dV6O13 is shown in Fig. 4.5; all atoms are situated on mirror planes. An important observation is that Li2 displays the same disorder as in the Li3V6O13 room-temperature phase.
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 Figure 4.4 Coordination geometry around the Li3 ion. Displacement parameters are drawn at a 90 % probability level.
 Figure 4.5 The refined structure of Li3.24V6O13; orange, red and white atoms are vanadium, oxygen and lithium, respectively. The Li2 displacement ellipsoid describes the partial overlap of two equivalent sites above and below the inversion centre. Displacement parameters are drawn at a 90 % probability level.
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 4.2.3 Low temperature structure of Li3+dV6O13
 As in V6O13, Li3+dV6O13 exhibits a phase transition on lowering the temperature. In this case, though, a superstructure is formed, with the c-axisof the room-temperature unit-cell doubled. On passing through the phase transition, all atoms move out of their mirror plane. The mirror plane is replaced by an a-glide, and the resulting space-group becomes I2/a, in terms of the old unit-cell axes. This unit-cell can then be transformed by the matrix:
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 to give the standard space-group C2/c. The refined structure is shown in Fig. 4.6.
 Figure 4.6 The refined low-temperature structure of Li3.24V6O13; orange, red and white atoms are vanadium, oxygen and lithium, respectively. The Li2 displacement ellipsoid describes two equivalent sites above and below the inversion centre, and their partial overlap. Li1 and Li3 are refined using isotropic displacement parameters. Displacement parameters are drawn at a 90 % probability level.
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 The atomic displacements from the c-glide are small; indeed only V2, V3, O7 and Li1 lie more than three standard deviations from the plane. It should be mentioned that O7 is one of the oxygen atoms connecting the V2 and V3 octahedra. The displacement of the atoms occurs mainly in the double layer, contrary to the situation in the low-temperature structure of V6O13. The reason for the superstructure formation is illustrated in Fig. 4.7; in the first double layer, V2 and V3 move towards one another, in the next double layer away from one another and in the third towards one another again, etc. Since the maximum displacement from the glide plane is only 0.04(1) Å (for V2), the differences between successive double layers are thus very small. This explains why the superstructure reflections are all very weak compared to those also present at room temperature. Indeed, the superstructure reflections would probably not have been detected at all if the data collection had not been performed using synchrotron radiation.
 Figure 4.7 The cooperatively displaced double-layers in the low-temperature structure viewed along the c-axis; solid and dashed lines link vanadium atoms close to and further away from one another, respectively. White atoms are oxygen, lithium atoms are not shown.
 The differences between the bond lengths in the room- and low-temperature structures are also very small. Only the V—O distances in the b-direction for V2 and V3 show any significant differences. As the vanadium atoms move
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 out of their former mirror planes, one V—O bond in the b-direction gets longer, while the opposite bond gets correspondingly shorter. Bond valence calculations also confirm that no significant charge transfer occurs in the structure. More interestingly, neither are any changes seen for Li2. In the low-temperature phase, Li2 is still situated on an inversion centre. The equivalent isotropic displacement factors are Uiso=0.060(8) and Uiso=0.056(5) in the low- and room-temperature phases, respectively, suggesting that the Li2 distribution has not changed.
 4.3 Lithium insertion mechanism for LixV6O13, 3<x<6 In the following discussion, a, b and A, B, C, D, will all refer to the notation used in Fig. 4.8.
 Figure 4.8 Proposed lithium insertion mechanism in a two-channel system; a, bmark the two channels, A, B, C, D show the lithium positions at different stages of the insertion process. White, grey and black atoms are oxygen, vanadium and lithium, respectively.
 From the discharge curve and the refined composition for the crystal discharged to 2.30 V, it is clear that there is a solid-solution lithium insertion mechanism in the range 3<x<4. This is the first observation of a homogeneity range in this system, which has so far only shown
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 stoichiometric phases. In all three structures described above, Li2 has the same oxygen coordination and shows the same disorder. From the room-temperature structures of Li3V6O13 and Li3+dV6O13, Li2 can either be statically or dynamically disordered. On cooling the crystal to a temperature as low as 95 K, however, one would expect dynamical disorder to diminish and some type of ordering to occur. This present low-temperature study suggests that Li2 is statically disordered, and equally distributed on either side of the square-planar oxygen arrangement. This also means that Li2 occupies one channel, a or b, in a two-channel system; in this discussion, Li2 has been arbitrarily chosen to occupy a.
 Figure 4.9 Schematic figure showing the short-range-ordered lithium insertion mechanism of Li3 into Li3V6O13, governed by the randomly disordered Li2. Dashed lines link Li2/Li3 pairs; the positions of Li2 have been arbitrarily chosen. Orange, red and white atoms are vanadium, oxygen and lithium, respectively.
 The solid-solution behaviour of Li3 is coupled to the disorder of Li2. When Li3 is to be inserted into the structure, it has two equivalent positions to choose between, related by an inversion centre. The site which Li3 actually enters is decided by the position of Li2 in each particular two-channel system. Because of electrostatic repulsion, Li3 wants to be as far from Li2 as possible, and enters b (B). The Li3 position will therefore be ordered with respect to the position of Li2, but random with respect to the V6O13 host structure. A schematic representation of this short-range-order mechanism is given in Fig. 4.9. The random distribution of Li2 thus explains the solid-solution behaviour seen in the discharge curve for LixV6O13,
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 3<x<4. As the net composition reaches Li4V6O13, a new feature resembling a two-phase region is seen in the discharge curve. This behaviour is related to the situation occurring when all Li3 sites are occupied; when the next lithium ion (Li4) enters the unit-cell, it will enter a. The electrostatic repulsion between Li2 and Li4 will be large, causing Li2 to move to a new site. The obvious new site for Li2 is that between the V1 and V3 octahedra, since this site strongly resembles that of Li3. That Li2 should move through the single layer is unlikely, suggesting that it will move to the position exactly opposite the newly inserted Li4 (C). When the next lithium ion then enters the structure, it has two possibilities: it can either enter another two-channel system, thereby displacing another Li2 ion, or it can enter the last unoccupied site in b to form the phase Li6V6O13 (D). From the shape of the discharge curve, it would seem likely that Li6V6O13 is formed, probably because it is energetically more favourable to fill the last site in the two-channel system than to displace another Li2 ion. A proposed structure for the Li6V6O13 phase so-formed is shown in Fig. 4.10.
 Figure 4.10 A proposed structure for Li6V6O13. Orange, red and white atoms are vanadium, oxygen and lithium, respectively.
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 4.4 Electrochemically delithiated LiFePO4 single crystal A detailed description of the experimental procedure, measuring
 strategies and refinements is presented in IV. The refined cell parameters from this work are in good agreement with those presented by Andersson et al. (2000) and Padhi et al. (1997). The following discussion will not be structural, but address rather the lithium extraction/insertion mechanism in LiFePO4.
 Despite the well-documented difficulties of extracting lithium from large particles of LiFePO4, a considerable amount was extracted from the single crystals in this study. The former colourless crystals turned a pale yellow, suggesting the formation of Fe3+. Cracking of the crystal surface also caused loss of crystal transparency. These cracks form channels into which the electrolyte can diffuse, thus accessing fresh LiFePO4 for continued lithium extraction. That the stress in the crystals is severe was evident as several crystals fell apart on handling.
 Figure 4.11 One of the frames collected from an electrochemically delithiated single crystal of LiFePO4. Small, regular reflections originate from LiFePO4 and larger, extended reflections are from FePO4.
 One of the frames collected during the diffraction experiment is shown in Fig. 4.11; the small, regular reflections originate from LiFePO4 and the larger, extended reflections are from FePO4. Note that the FePO4 reflections are more extended perpendicular to than in the 2q-direction. This shows that the FePO4 formed is well ordered within each mosaic block, but that the
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 blocks are tilted with respect to one another. Ultimately, this process will result in a powder diffraction pattern. Moreover, the reflections width in 2qfrom LiFePO4 and FePO4 are comparable; there is no particle size broadening. The formed FePO4 blocks are thus quite large (>1000 Å). As mentioned in 2.2, two models have been suggested for the lithium extraction mechanism in LiFePO4, both giving the same powder diffraction pattern. In a single-crystal diffraction experiment, however, these models should give different results.
 In a mosaic model, FePO4 begins to form at many points throughout the crystal. As these regions grow and come into contact with one another they will trap unreacted LiFePO4 regions between them. On cracking, such regions will take up the same orientation as the FePO4 blocks (Fig. 4.12). In a single-crystal diffraction experiment, this would appear as equal broadening for the reflections from both phases.
 In a radial model, lithium extraction would start at the surface of the single crystal and propagate inwards. Since the unit-cell dimensions of FePO4 are smaller than those of LiFePO4, the resulting stresses in the formed FePO4 would cause it to crack (Fig. 4.12). The resulting FePO4 mosaic blocks will thus not be perfectly aligned, giving rise to broad reflections. Meanwhile, an unreacted core of LiFePO4 remains which diffracts in the same way as it did prior to lithium extraction from the surface.
 Figure 4.12 The effect on the single crystal according to the mosaic (left) and radial (right) model. Black and grey regions are FePO4 and LiFePO4, respectively.
 The radial model would thus appear to better explain the general appearance of the diffraction pattern obtained. The LiFePO4 phase shows small, sharp reflections while the FePO4 reflections are small in and broad perpendicular to the 2q-direction. All crystals studied and showed this same behaviour.
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 4.5 The single-crystal electrochemical cell The assembly of the electrochemical cell and the electrochemical
 measurements made have been addressed in 3.4. Further experimental detail is given in V. A schematic representation of the assembled cell and a photograph of the cell are given in Fig. 3.1.
 The cell potential is plotted as a function of relaxation time in Fig. 4.13; its value is directly proportional to the lithium content at the single-crystal surface. It can be seen in Fig. 4.13 that, when a pulse is applied, the potential drops to ca. 2.65 V, corresponding to the phase LiV6O13 (Fig. 2.3). During relaxation, the lithium inserted in the surface diffuses into the particle bulk and the cell potential increases. At the end of the longer (299 s) relaxation time, the lithium content at the surface of the crystal is very close to that prior to the current pulse. This will cause minimal stress at the crystal surface. This has to be weighed against time limitations for an experiment; it is impractical to have an experiment running for several months. Particularly, it is difficult to ensure a 100 % airtight cell, probably because the glues used allow some gas diffusion. Several cells have failed within a few days of removal from the glove-box, probably because of air leaks.
 Figure 4.13 Cell potential vs. time for (from the top down) 299, 99 and 59 s relaxation time. Each dip in potential corresponds to an applied current pulse.
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 Diffraction data can be collected readily from the single-crystal electrode. For a single-phase (unlithiated) crystal it was possible to achieve a dataset from which the V6O13 structure could be refined, although agreement factors were poor (wR(F2)=34 %) and anisotropic temperature factors could not be refined. These problems are believed to originate from limitations in the absorption correction and that refraction through the conical Pasteur pipette tube made it difficult to centre the crystal on the diffractometer.
 Diffraction data were also collected after lithium insertion. It is simple to locate split reflections and reflections from a newly formed phase; an example of a frame obtained from this diffraction experiment is given in Fig. 4.14. Two different phases could be identified; V6O13 and LiV6O13. Of the 313 reflections collected, only 17 remained unindexed. Attempts to integrate the collected frames for subsequent structure refinements proved fruitless, certainly because reflections from the two phases lie to close to one another.
 Figure 4.14 One of the frames collected after lithium intercalation into a single-crystal cathode. A split reflection in the top right-hand corner of the frame, originating from V6O13 and a LixV6O13 phase, has been enlarged.
 Several improvements can be made to the experimental setup. The major problem at this time is the X-ray absorption in the glass container and electrolyte. A specially designed glass tube with a narrow waist, where the
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 single-crystal could be situated, would be an obvious improvement. The use of aKAg radiation, with its considerably shorter wavelength compared to
 aKMo , will further reduce absorption. This must be weighed against the smaller diffraction angles using shorter wavelengths. Since the phases formed will normally have quite similar unit-cell dimensions, the detector-to-crystal distance must be increased, with consequent increase in measuring time. Since the electrochemical experiments are very time-consuming, it is also necessary to make the cell completely airtight. To achieve this, new types of glue or some completely new way to seal the cell should also be sought.
 Another step in developing this technique further is to use single crystals of some other compound; Li3V2(PO4)3, LiMn2O4 and LiCoO2 are a few examples. It would also be interesting to try to monitor macroscopic metal extrusion mechanisms using this same type of cell.
 4.6 Soft X-ray spectroscopy Details of sample preparation, measurements and data interpretation are given in VI. The expected d-electron configurations for the vanadium atoms in different LixV6O13 phases are given in Table 4.2. The following discussion will not consider electron transitions, but rather the trends in the vanadium oxidation states as a function of lithium insertion.
 Table 4.2 Expected d-electron configuration for LixV6O13.Lithium content (x) in LixV6O13
 d-electron configuration of the unique vanadium atoms
 0 2 ³ d1, 1 ³ d0
 1 5 ³ d1, 1 ³ d0
 2 3 ³ d1
 3 1 ³ d2, 5 ³ d1
 4 -
 5 - 6 2 ³ d2, 1 ³ d1
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 SXA spectra for LixV6O13, x=0, 1, ..., 6, electrodes and reference spectra from V6O13, VO2 and V2O3 are shown in Fig. 4.15. The references are single-crystal samples and the measurements were made at the same beamline and with the same resolution as that used for measuring the electrodes. It can be seen that, for 0<x<2, the formation of V4+ dominates and that, for higher lithium levels, more and more V3+ is formed. This is not only in good agreement with the expected behaviour from Table 4.2, but also confirms earlier experimental results from deformation electron density studies made by Bergström et al. (1998c) and Björk et al. (2002). Another feature can be seen for the x=4 and 5 spectra (Fig. 4.16). These spectra can be closely reproduced by a weighted linear combination of the spectra forx=3 and x=6; the weights are 2:1 and 1:2 for x=4 and x=5, respectively. This suggest that, even if no significant change in vanadium oxidation states were observed for Li3.24V6O13, when reaching Li4V6O13, changes should be seen.
 Figure 4.15 V L-absorption spectra of LixV6O13 (dotted lines) and reference spectra of (from top to bottom) V2O3, VO2 and V6O13, measured on single-crystal samples (solid lines).
 V L3 resonant SXE spectra, measured using 520.5 eV excitation energy, are shown in Fig. 4.17. The left peak (A) originates from electrons in
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 hybridized O 2p—V 3d states; the middle peak (B) is from pure V 3d states; while the right peak (C) is the elastic peak. Peak A remains virtually unchanged, while peak B increases dramatically as lithium is inserted into the cathode. These observations again confirm the earlier experimental result that the reduction of the cathode material occurs mainly as a reduction of the vanadium atoms. This can be compared to the calculated results by Aydinol et al. (1997), which showed that a significant part of the electron transfer on lithium insertion is to the chalcogenide, although those calculations were made on a-NaFeO2 structures. Moreover, they showed that for the earlier 3delements, charge transfer was more equally distributed between metal and chalcogenide.
 Figure 4.16 Comparison between the V L-absorption spectra for x=3, 4, 5 and 6 (dotted lines) and synthesized spectra for x=4 and 5 (black, solid lines).

Page 47
                        

47
 Figure 4.17 L3-emission spectra for LixV6O13. Peak A shows hybridized V 3d and O 2p states, peak B shows pure V 3d states and C is the elastic peak.
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 5 Concluding remarks and future work
 Single-crystal XRD has proven an invaluable technique for studying lithium insertion mechanisms in electrode materials. Although sample preparation can be a difficult and tedious task, the rewards of success are great. Small structural changes on lithium insertion, superstructure formation, mechanisms and changes in oxidation states in the host material can all be readily detected. The use of high-intensity synchrotron radiation also makes it possible to perform measurements on crystals with dimensions in the micron range, thereby expanding the accessible range for single-crystal studies.
 For the LixV6O13 system, complimentary single-crystal studies are needed; samples with the compositions Li4V6O13, Li5V6O13 and Li6V6O13would prove our predictions for the lithium insertion mechanism in that range right, or wrong. Furthermore, the series of low-temperature studies should be extended to include all LixV6O13 phases.
 The first step in the development of the single-crystal electrochemical cell for in situ XRD has been made. Now, optimisation of design and electrochemical experiments are needed in order to utilise the full potential of this experimental setup. Future work also includes testing of other electrode materials, both anode and cathode. It would for example be very interesting to try to reproduce the results of lithium extraction from LiFePO4single crystals in situ.
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 Summary in Swedish
 Utmaningen att utforska litiuminlagring i katodmaterial
 Litiumjonbatteriet
 Sedan litiumjonbatteriet introducerades på marknaden under 1990-talet har det blivit den dominerande kraftkällan för mobiltelefoner och bärbara datorer. Batteriets anod (minuspol) och katoden (pluspol) består av grafit (kol) respektive en litiuminnehållande metalloxid, t.ex. litiumkoboltdioxid, LiCoO2. Vid uppladdning av batteriet dras litiumjonerna ut ur metalloxiden och sätts in i grafiten samtidigt som elektroner förs genom en yttre krets till grafiten. Energin hos litiumjonerna är dock högre i grafiten än i metalloxiden, och då naturen alltid strävar efter att minimera energin i ett system, vill de tillbaka till metalloxiden. För att detta ska kunna ske krävs det att också elektronerna kan ta sig tillbaka till metalloxiden. Om man kopplar en yttre krets till ett uppladdat batteri, t.ex. en mobiltelefon, kommer både elektronerna och litiumjonerna att vandra tillbaka till metalloxiden. Drivkraften för denna reaktion är väldigt stor vilket visar sig i att litiumjonbatterier har en spänning på mer än 3.5 V, vilket kan jämföras med 1.2 V för ett NiMH (nickelmetallhydrid) batteri.
 Litiuminlagring i metalloxider
 Världen är uppbyggd av atomer som binder till varandra på olika sätt. Fasta ämnen kan delas in i kristallina och amorfa material. I ett kristallint ämne sitter atomerna ordnade i ett mönster som upprepas i alla riktningar medan atomerna i ett amorft ämne är oordnat. När man vill beskriva kristallina
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 ämnen brukar man prata om ett ämnes struktur. Exempel på kristallina ämnen är metaller och koksalt, vanliga amorfa material är trä, plast och glas.
 När litium dras ut ur eller sätts in i metalloxider kan det ske ordnat eller oordnat. Processen som sker styr hur batteriets spänning varierar under urladdning men har även betydelse för hur metalloxidens struktur påverkas när batteriet används. Kunskap om hur litiuminlagringen sker på atomär nivå och om de olika strukturer som bildas är viktig kunskap för att kunna utveckla både befintliga såväl som helt nya material.
 I arbetet som sammanställs i denna avhandling har olika litiuminnehållande strukturer av vanadinoxiden V6O13 studerats med analystekniken enkristalldiffraktion. Utifrån dessa resultat diskuteras mekanismen för fortsatt litiuminlagring. Även litiumjärnfosfat, LiFePO4, har studerats med denna teknik. I det fallet har inte själva strukturerna varit huvudintresset utan på vilket sätt som litium dras ut ur partiklar av LiFePO4.
 Hittills har enkristalldiffraktionsmätningar på batterimaterial varit begränsade till studier ex situ, vilket betyder ungefär "utanför sin plats". Det betyder att man måste avlägsna provet från den plats och miljö där det har blivit tillverkat; man måste ta isär batteriet och avlägsna kristallen för att kunna göra sin mätning. Då elektrokemiskt behandlade batterimaterial ofta är luftkänsliga och att provet oftast inte kan återanvändas har en laborativ uppställning för mätningar in situ (på plats) utvecklats.
 Litiumextraktion ur LiFePO4
 Då litium extraheras ur LiFePO4 bildas FePO4. Tidigare har två olika modeller föreslagits för hur denna extraktion går till. Den radiella modellen bygger på idén att FePO4 bildas på ytan av LiFePO4-partiklarna. När mer litium extraheras blir lagret av FePO4 tjockare men det finns alltid en kärna av LiFePO4 kvar i varje partikel. I mosaikmodellen börjar FePO4 bildas på flera olika ställen inuti LiFePO4 partikeln och volymen av dessa områden växer till sig allt eftersom mer litium extraheras. I mätningarna som gjorts i detta arbete har en kärna av LiFePO4 kunnat påvisas i kristaller där litium har extraherats elektrokemiskt. Detta är ett starkt bevis för att den radiella modellen är den korrekta.
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 Litiuminlagring i V6O13
 Strukturen för Li3V6O13 har varit känd sedan tidigare. Ytterligare litiuminlagring i denna struktur har visat sig ske oordnat fram till sammansättningen Li4V6O13. Det är första gången som man har iakttagit en oordnad litiuminlagring i detta material och den tros bero på en nära koppling med annan litiumjon i Li3V6O13. Utifrån dessa resultat och utseendet på urladdningskurvan har en mekanism för den fortsatte litiuminlagringen fram till Li6V6O13 förslagits. En strukturen för Li6V6O13har även föreslagits.
 Figur 1 Bilden visar urladdningskurvan för V6O13 som är av så kallad "trappstegstyp", man kan maximalt inlagra sex litiumjoner i en V6O13-enhet. Infällda i bilden är en sekvens för hur litiumjonerna vid olika nivåer av urladdning går in i ett kanalsystem som går genom hela strukturen; grå, vita och svarta atomer är vanadin, syre respektive litium. Intressant är hur Li2 i C har kommit för nära Li4 och därmed tvingats till en ny plats strukturen.
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 Elektrokemisk cell för enkristalldiffraktion
 Enkristalldiffraktion har under årens lopp visat sig vara en mycket kraftfull analysteknik föra att studera litiuminlagring i elektrodmaterial. En nackdel är dock att batteriet måste tas isär för att analysen ska kunna utföras. För att utveckla enkristalldiffraktion som analysteknik har därför en ny försöksuppställning utvecklats för att kunna studera bildade strukturer i ett fungerande batteri.
 För att man ska kunna utföra enkristalldiffraktion på ett fungerande batteri måste det göras väldigt litet. Enkristallen i sig är i storleksordningen 0.1 mm och för att inte övriga batterikomponenter ska störa mätningarna är konstruktionen av batteriet viktig. Den elektrokemiska cell som här utvecklats har visat sig fungera för elektrokemiska såväl som för enkristalldiffraktionsmätningar. För att bättre kunna utnyttja denna laborativa uppställning krävs dock ytterligare utveckling, speciellt av batteriets hållare. Resultaten är lovande och kan leda fram till en mycket kraftfull metod för framtida studier av såväl batterimaterial som andra elektrokemiska system.
 Figur 2 Den elektrokemiska cellen för in situ enkristalldiffraktionsmätningar. Till vänster är en schematisk bild för uppbyggnaden av den laborative uppställningen, totalt ca 3 cm hög. Till höger är ett fotografi taget med en videokamera på en fungerande elektrokemisk cell. Nere till höger i fotografiet ser man en 0.020 mm tjock aluminiumtråd med en fastlimmad V6O13-kristall, klumpen uppe till vänster är litiummetall på en koppartråd.
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