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9
 1. Introduction
 1.1 The lithium-ion battery The development of high-energy rechargeable lithium battery systems started with the discovery that numerous inorganic compounds could react with alkali metals in a reversible manner. By 1972, these compounds were identified as intercalation compounds and the concept of reversible electro-chemical intercalation was now defined [1, 2]. The first large project based on intercalation materials was started by Exxon in 1972 [3, 4]. In this pro-ject, TiS2 was used as the cathode material, lithium foil as the anode and lithium perchlorate in dioxolane as the electrolyte. This combination was not perfect, however, and it resulted in dendritic growth of lithium metal on the lithium foil anode as the batteries were repeatedly charged and discharged. This, in turn, led to short circuiting, thermal runaway and fire [5]. The most successful way to solve these problems was to introduce graphite as a second intercalation compound for the anode [6, 7]. Over the following years, transition metal oxides were studied as intercala-tion materials for the cathode. These were first represented by V6O13 [8] and later the LixMO2 class (where M is Co, Ni or Mn) [9, 10]; these still make up the family of compounds used in today’s batteries. In 1991, Sony Corpora-tion became the first company to introduce Li-ion batteries into the mobile phone market [11]. The lithium-ion battery can be divided into three major components: the cathode, the anode and the electrolyte. In today's commercial lithium-ion batteries, the cathode typically contains the active material LiNixCo1-xO2 or LiFePO4, the anode is usually made up of graphite or carbon-based materi-als, and the electrolyte is very often a separator soaked in an aprotic, organic solvent with a dissociated lithium salt. The electrolyte can also be a gel or a solid polymer. However, liquid electrolytes are still the most used because of their superior conductivity. The organic solvents used as liquid electrolytes include: EC, DEC and PC. The lithium salt is typically lithium hexafluoro-phosphate (LiPF6), but others are also used, typically, LiTFSI and LiBOB.
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 Figure 1 A schematic illustration of a lithium-ion battery during discharge.
 The first electrochemical operation of these batteries is usually charging, where lithium ions are extracted from the cathode and inserted into the an-ode, while electrons move through the outer circuit. Discharge is the reverse process; it is drawn schematically in Fig. 1. The unique properties of lithium, such as its low weight and large negative electrode potential (-3.04 V vs. SHE), gives the lithium-ion battery its high energy density, which is higher than all other types of battery. Much of the research on lithium-ion batteries is devoted to the electrode materials. Ideally, these should combine high lithium-ion conduction with high electronic conductivity in order to facilitate fast discharge. They should also have a favourable structure in which a large number of lithium ions can be inserted and extracted reversibly to yield the high capacity. Furthermore, the electrode materials should tolerate lower and elevated temperatures without significant loss of performance and without initiating unwanted side reactions. This is particularly important for the sta-bility of the battery.
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 1.2 Anode materials Graphite or carbon-based materials are among the most attractive anode materials for today's commercial lithium-ion batteries [12]. The main rea-sons for this are good cycling performance for carbonaceous materials to-gether with low cost. Graphite can accommodate up to one lithium atom per six carbon atoms in forming the compound LiC6. This gives a gravimetric capacity of 372 mAhg-1. There is also a group of anode materials that have recently been investigated extensively, but have not yet reached commercialisation. These are the lith-ium metal alloys, LixM, where M is typically Al, Sn, Si or Sb [13, 14]. These materials generally give very high volumetric capacities. One problem, how-ever, is a side-effect of their ability to accommodate large amounts of lith-ium atoms, namely, high volume expansion and contraction during cycling. This results in structural degradation and severely reduced cycle life. One solution to this problem is the intermetallic compounds: AlSb [15], Cu6Sn5 [16] and Cu2Sb [17]. The volume changes in these compounds are much less compared to the lithium metal alloys. The reason for this is that intermetallic compounds contain a second element that is usually not electrochemically active (Al in AlSb and Cu in Cu6Sn5 and Cu2Sb) but can buffer the volume expansion and contraction during cycling. Aluminium can usually be lithi-ated but, under the conditions used in paper I for AlSb electrodes, it was found to be passivated. The trade-off is, of course, reduced gravimetric ca-pacity. In this thesis, the surface chemistry of AlSb electrodes have been investigated in papers I and II.
 1.3 Cathode materials The layered transition metal oxides, with LiCoO2 as the prototype material, are the most commonly used cathode materials in today's lithium-ion batter-ies. The electrode potential for fully delithiated LiCoO2 is very attractive (4.7 V vs. Li°/Li+) and would result in a very high gravimetric energy den-sity for the full lithium extraction. However, at these high voltages, irre-versible structural changes occur caused mainly by exothermic reactions with the electrolyte [18-20]. Because of this, only half the available lithium is allowed to be extracted from LiCoO2 in commercial batteries. This means that the voltage never exceeds 4.2 V vs. Li°/Li+ and that the theoretical ca-pacity is limited to 130 mAhg-1. Ever since the intercalation process was first discovered, the search for new compounds that could host lithium ions reversibly has been an ongoing task.
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 In 1997, Padhi et al. described a new class of intercalation compounds that had the composition LiMPO4 (M=Fe, Mn, Co, Ni) [21]. These were termed phospho-olivines because of their resemblance to the mineral olivine, (Mg,Fe)2SiO4. LiFePO4 was soon recognised as the most promising candi-date in this group [22]. LiFePO4 exhibits several attractive attributes; it is environmentally benign, cheap to produce, and thermally and mechanically stable. It also has a very flat voltage plateau at 3.45 V vs. Li°/Li+, which, is easy to work with and has a high theoretical capacity of 170 mAhg-1, based on the extraction of all lithium. The introduction of LiFePO4 into commer-cial batteries was, however, for a long time hindered by its one major draw-back: its poor electronic conductivity. A lot of research has been devoted to this one problem, which has resulted in several ways to combat it. Coating LiFePO4 particles with a highly conductive agent such as carbon [23-25], decreasing the actual size of the LiFePO4 particles [26-28], and cycling the batteries with LiFePO4 cathodes at a higher temperature than room tempera-ture [29] are all partial solutions to this problem of low electronic conductiv-ity. An attempt to increase the electronic conductivity by doping the LiFePO4 has also been made. When these methods are combined, the utilisa-tion of the LiFePO4 cathodes approaches its theoretical value. The surface chemistry of carbon-treated LiFePO4 electrodes has been analysed in paper III of this thesis. The newest addition to the group of cathode materials is Li2FeSiO4. In 2003, it was shown for the first time that it was possible to extract and insert lith-ium ions reversibly according to the reaction [30, 31]:
 Li2FeSiO4 � LiFeSiO4 + Li+ + e-
 This gives a theoretical capacity of 166 mAhg-1, which is very close to that of LiFePO4. Many of the positive attributes of LiFePO4 also apply for Li2FeSiO4, especially the low cost of raw materials and environmentally acceptability. As in LiFePO4 there is also a problem with low electronic conductivity for Li2FeSiO4. However, using the same approaches as for LiFePO4, it is possible to go a long way towards full utilisation of Li2FeSiO4 cathodes. Analysis of the surface chemistry of Li2FeSiO4 electrodes is de-scribed in paper IV, this is followed in paper V by a more detailed analysis of the surface chemistry for different electrolyte systems.
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 1.4 The solid electrolyte interphase On inserting lithium into the anode during the first charge-discharge cycle while measuring the voltage profile, it is clear that a large amount of charge is consumed in the 0.8 V to 0.2 V range. This is due to reduction of the elec-trolyte components at the electrode surface; this is commonly referred to as Solid Electrolyte Interphase (SEI) formation, and has been particularly well studied for the graphite anodes [32-34]. The process of SEI formation con-tinues until the electrode surface is completely covered and the thickness exceeds that of the tunnelling length of electrons: a few nanometers [32]. The properties of the SEI are very much dependent on the conditions to which the anode and the battery are exposed [33]. SEI formation is, how-ever, not entirely negative. On any anode, it is essential to prevent the oth-erwise continuous electrolyte reduction. It is also particularly important for the stability of graphite anodes to form a good SEI, otherwise solvent mole-cules and lithium salt anions would co-intercalate into the graphite, leading to structural degradation and exfoliation of the graphitic planes [35-37]. The SEI influence several important aspects of battery performance, such as safety, self discharge, power capability and performance at extreme tempera-tures [14]. It is therefore crucial to battery performance that a stable SEI forms on the anode during the first cycle of the battery. It is, in this, context of great importance to increase our understanding of the different surface chemistries for the different anodes, not just graphite. In this thesis, surface chemistry phenomena for AlSb anodes have been studied for the first time by PES/XPS in paper I and II.
 1.5 Surface chemistry at the cathode Power fade has been shown for some lithium-ion battery configurations to originate mainly from an increase in impedance on the cathodic side of the battery [38, 39]. This shows the importance of also studying the cath-ode/electrolyte interface, which has earlier received less attention than the anode/electrolyte interface. This interface is also crucial to battery perform-ance and stability and is very much dependent on the cathode material, elec-trolyte solvents and the salts used in the battery. It has been shown that the surface layer formed on the LiMn2O4 cathode is not sufficiently dense to act as a barrier between the electrolyte and the cathode. This means that fresh electrolyte can continuously be transported to the electrode surface and be oxidised. This is different from the situation on the graphite anode, where the SEI formed in the first cycle completely covers the electrode and stops the reduction of electrolyte. This observation has motivated the suggestion that the cathode surface layer should rather be called a Solid Permeable In-
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 terface (SPI). In this thesis, surface chemistry phenomena on both LiFePO4 (paper III) and Li2FeSiO4 (paper IV and V) cathodes are investigated for the first time by PES/XPS.
 1.6 The purpose of this thesis While the World’s energy consumption constantly increases, so also does the need for alternative energy sources to the fossil fuels in order to decrease the pollution of our environment. At the same time, a loss in performance and efficiency through the use of new energy sources would be unacceptable. “Green energy” technologies will therefore have no chance unless they are able to produce more power and more energy than the "not so green" tech-nologies. This is where the lithium-ion batteries come in; they are currently producing higher energy densities than other types of battery. At the same time, it is possible to make them more pollutant-free and potentially cheaper than other battery types. However, to achieve this it is imperative that we understand the mechanisms underlying the problems, e.g., power fade, ca-pacity loss and poor cyclability. These problems tend to originate from the electrode/electrolyte interfaces. However, the reactions occurring at these interfaces in lithium-ion batteries are still poorly understood. The purpose of this thesis is therefore to increase our understanding of the surface chemis-tries and stability phenomena at these interfaces. This is done in particular by investigating the surface chemistries of the AlSb anode (papers I and II), the LiFePO4 cathode (paper III) and the Li2FeSiO4 cathode (papers IV and V). The majority of this research has been focused on surface analysis performed with Photoelectron Spectroscopy (PES) and X-ray Photoelectron Spectros-copy (XPS), using both synchrotron radiation (SR) and AlK� radiation. Electrochemical characterisation has been performed mainly by gal-vanostatic cycling.
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 2. Methods
 The goal of this thesis has been to aquire a deeper understanding of the sur-face chemistries for lithium-ion battery electrodes and their importance for the stability of the battery. Several methods have been used to achieve this, but as the primary characterisation technique has been photoelectron spec-troscopy (PES). The main reason for this is that PES is sensitive to layers that are typically only a few Ångströms thick, as in the case at electrode interfaces. X-ray diffraction (XRD) is more sensitive to the bulk than the surface but has nevertheless been a very useful tool in the work of this thesis. The reason is that XRD provides information about the crystal structure (bond lengths, angles and unit cell volume) and phase content. It has there-fore been useful in characterising the anode and cathode materials in this respect. Electrochemical characterisation has been an important tool to evaluate different cell configurations especially in terms of capacity, cy-clability and cycle rate. Electrode and battery fabrication strongly influence the final properties of the battery. By tailoring the electrodes, the specific needs of the battery can be met. The general electrode design is that the ac-tive anode or cathode material is mixed with a finely divided carbon powder (carbon black) and a polymeric binder. The purpose of the fine carbon pow-der is to establish electrical contact between all anode or cathode particles, in order to obtain optimal utilisation in the final battery. If some of the anode or cathode particles are not in electrical contact, the flow of electrons partici-pating in the cell reaction will be severely reduced, leading to a loss in ca-pacity and underperformance. In this respect, a crucial aspect of electrode design is to ensure that enough carbon powder is added; in other words, the percolation threshold must be exceeded. The role of the binder is to hold together all electrode particles to facilitate optimal thickness and flexibility, not only to achieve the best electrochemical results but also to facilitate the PES/XPS analysis.
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 2.1 Electrode and battery fabrication Electrodes were made by coating a mixture of active material, carbon black and a binder (EPDM or PVDF) on a thin metal foil (aluminium for cathodes and copper for anodes). The coated foil was cut into 3.14 cm2 circular discs and dried in vacuum at 120oC before assembling the battery in an argonfilled glovebox (<3 ppm O2, H2O). A cell laminate, consisting of working elec-trode, a separator soaked in electrolyte and a lithium-foil counter electrode, was vacuum-sealed in a polymer-coated aluminium foil with attached nickel (for the anodes) or nickel and aluminium (for the cathodes) contacts. The electrolytes used were either 1M LiPF6 salt in a 2:1 solution of EC:DEC or 1M LiTFSI salt in the same solution or in a 1:1 solution of EC:PC.
 2.2 Electrochemical characterisation The batteries were cycled galvanostatically using a Digatron BTS-600 gal-vanostat. In galvanostatic cycling, a constant current is applied to the battery and the resulting change in cell potential as a function of time is monitored. From one complete charge or discharge, the gravimetric capacity is derived from the total charge passed per unit mass of the active electrode material. The LiFePO4 and Li2FeSiO4 electrodes analysed by PES/XPS were precy-cled three times before analysis. This was done to ensure that any surface film formation on the electrode was complete.
 In potentiostatic cycling, the potential is varied stepwise and the resulting change in current as a function of time is monitored. When the current falls below a certain threshold, the potential is stepped. In paper I, this technique was used to equilibrate potentiostatically four electrodes at discrete poten-tials (0.90, 0.75, 0.50 and 0.01 V vs. Li°/Li+). The equipment used was a MacPileII™ potentiostat.
 2.3 X-ray diffraction X-ray diffraction is based on the principles of Bragg’s law. The photons of an X-ray beam interact with the electrons of an atom in such a way that they are scattered in all directions. In a crystal, however, where the atoms are ordered in a long-range manner, constructive interference occurs when Bragg’s law is satisfied, such that 2dsin� = n�, where d is the distance be-tween equivalent crystallographic planes, � is the angle between the incident beam and the crystallographic planes, n is an integer and � is the wavelength. The intensity of the scattered photons is usually measured in an X-ray dif-fraction experiment as a function of scattering angle 2�. The result is a dif-
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 fraction pattern which can be evaluated to obtain information about the crys-tal structure (bond lengths, bond angles and unit cell volume) and the phase content of the sample.
 2.4 Photoelectron spectroscopy In both photoelectron spectroscopy (PES) and X-ray photoelectron spectros-copy (XPS), a sample is placed in an ultra high vacuum and irradiated with photons of a specific energy (h�). If the photon energy exceeds the binding energy (EB), photoelectrons with a specific kinetic energy (EK) will be ejected. The measured EK of the ejected photoelectrons are used to calculate EB: EB = h� – EK – � The work function, �, is the difference in potential between the Fermi level of the sample and the vacuum level of the spec-trometer.
 XPS and PES are indeed surface sensitive techniques as a result of the shal-low escape depth of ejected photoelectrons. This escape depth is of the order of 50-100 Å; the photoelectrons can only travel this distance before they lose their energy. This means that only photoelectrons from the outermost surface layer can reach the detector and contribute to the recorded photoemission spectrum. The binding energy of an emitted photoelectron is equal to the energy differ-ence between the final and initial state of the system. Different oxidation states and chemical surroundings of an element will cause changes in the initial states and thus also in the measured binding energies. Therefore, if more electronegative atoms are bound to an atom, its electron density is shifted towards more electronegative elements and the atom becomes more positively charged, resulting in an increased binding energy. The measurements made in the context of this thesis were performed either by synchrotron radiation (SR) or monochromatized AlK� radiation (1486.6 eV). The SR experiments were performed on beam line I411 at the Swedish National Synchrotron Radiation Laboratory MAX in Lund [40]. The mono-chromatized AlK� measurements were conducted on a PHI 5500 spectrome-ter.
 Depth profiling using SR-excited PES has been used in paper III. This can be achieved by varying the energy of the incoming photons for a given core level. This will result in a different EK of the emitted electrons, which means that they have been ejected from different depths in the sample. A variant of this procedure that also was used in paper III is a procedure where the EK of the photoelectrons is kept constant for the different core levels studied. This
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 can be done by applying photon energies (hv) that correspond to the EK used for a certain core level. The result is then that the photoelectrons from the different core levels will all have the same EK and thus originate from the same average depth in the sample. Depth profiling of this type has the ad-vantage that it is non-destructive and more surface-sensitive than the surface destructive Ar-ion sputtering technique, which is normally used in combina-tion with monochromatized XPS analysis. Depth profiling can also be achieved by varying the angle between detector and sample, thus allowing photoelectrons that have travelled longer dis-tances or a short distance through the sample to be detected. Photoelectrons that travelled a longer distance originate from deeper in the sample. This is normally a sound technique for homogenous and smooth surface samples. However, since electrode surfaces are neither homogenous (electrode mate-rial, carbon black and binder) nor smooth (they are very porous), results would be most unreliable for the samples used in this thesis. Peak assignments are based on reference measurements, and on references cited in the papers. Absolute binding energies have therefore not been used. In papers I and II, electrodes were immersed in DEC for 30 minutes and vacuum dried prior to analysis. This “washing” technique has been applied to make sure that as little free electrolyte as possible from the battery is dried (and analysed) on the sample surface. This technique has not been applied in papers III-V, mainly because of the much thinner surface layers on these electrodes, and hence the greater risk of destroying the original electrode surface layer.
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 3. Surface chemistry of AlSb
 Intermetallic compounds have been investigated in the search for a replace-ment for graphite as anode material in Li-ion batteries. Of the several com-pounds available in this group, AlSb have come to be recognised as a most promising candidate. A theoretical capacity of 540 mAhg-1 of which 400 mAhg-1 is practically reversible, combined with only small volume changes during cycling are indeed advantageous properties.
 3.1 The solid electrolyte interphase on AlSb As for graphite, the SEI on intermetallic compounds is formed below 0.8 V vs. Li°/Li+ on the initial charge-discharge cycle of the Li-ion battery. How-ever, the relatively large volume expansion and contraction seen in most of the intermetallic compounds on cycling leads to SEI disintegration and ref-ormation on the intermetallic particles.
 In this respect, it has been shown that the SEI on tin-containing anodes is very different from that on graphite [41], with repetitive SEI formation and disintegration leading to an aged SEI onto which fresh SEI is deposited on successive cycles. This results in an increase in SEI thickness on long-term cycling [42]. In the light of those results, an extensive study of the surface chemistry of the intermetallic compound AlSb was conducted in papers I and II. The AlSb electrodes were analysed with X-ray diffraction and photo-electron spectroscopy at various points on the charge/discharge curve.
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 Figure 2 First-cycle voltammogram of two Li/AlSb cells cycled between 1.20-0.50 V (circles) and 1.20-0.01 V (squares).
 The initial cycle of a Li-ion cell with AlSb electrode and a Li metal counter electrode is shown in Fig. 2. The AlSb electrode was lithiated to a lower cut-off potential of 0.50 or 0.01 V and delithiated to an upper cut-off potential of 1.20 V. As seen, the open circuit potential was 2.75 V, dropping to 1.55 V on the first lithiation. The voltage response between 1.55 and 0.90 V indi-cates the electrochemical reduction of an antimony oxide surface layer formed during the synthesis of the AlSb particles. This process is only ob-served during the initial lithiation. Thereafter, a gently sloping plateau to 0.5 V accounts for most of the reversible capacity. This represents the insertion of lithium into the interstitial sites of the AlSb framework, forming the meta-stable LixAlSb phase according to:
 xLi + AlSb � LixAlSb
 This process occurs at slightly lower potentials coupled to the concomitant extrusion of aluminium, which eventually yields the Li3Sb product [43]. The sloping nature of this plateau also indicates that a solid-solution of lithium in AlSb is formed. When continuing the reaction down to 0.01 V, a small slop-ing plateau is seen, which is attributed to the overpotential required to con-tinue the Li3Sb formation reaction. The reaction towards the end of the lithiation is thus not the lithiation of the previously extruded aluminium; this is suppressed in carbonate-based electrolytes. It is also believed that the sur-
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 faces of the finely divided and highly reactive aluminium particles extruded during the reaction are quickly passivated by oxidation in the electrolyte.
 The diffractograms for electrodes equilibrated at 0.50 and 0.01 V are shown in Fig. 3. Several sharp peaks can be seen at 0.50 V corresponding to AlSb. However, in view of the results from the electrochemistry in the previous paragraph, this is a clear indication that the main phase in this sample is identified as LixAlSb and not AlSb.
 Figure 3 XRD diffractograms of lithiated AlSb electrodes at 0.50 and 0.01 V. (*) mark reflections from the packaging material.
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 There is also a small peak at 22.36� that can be identified as Li2Sb, indicat-ing that the extrusion process has partially been activated. This process would extrude a small amount of aluminium while forming the same amount of Li2Sb. No Li3Sb could be detected at this stage which makes it clear that the main extrusion process (in which all aluminium is extruded to form Li3Sb as the main phase) begins below 0.5 V. Finally, at 0.01 V, the situation has changed and the extrusion process is now complete. The main phase (seen as three broad peaks at 23.3�, 38.8� and 45.8� in Fig. 3) is thus indexed as Li3Sb. No peaks corresponding to AlSb or LixAlSb could be detected.
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 3.2 First-cycle surface studies The XPS C1s spectra for AlSb electrodes lithiated to different states of charge are seen in Fig. 4.
 Figure 4 XPS C1s spectra for AlSb electrodes equilibrated to 0.90 (A), 0.75 (B), 0.5 (C) and 0.01 V (D).
 The peak at 284.4 eV is attributed to the carbon black additive in the elec-trode but also to adventitious carbon from the vacuum chamber. The peak at 285.0 eV is attributed to hydrocarbons that probably originate from the SEI. More SEI products were assigned at higher binding energies including alco-hols (R-CH2-OH) and polymeric ethers (-(CH2CH2O)n-) at 289.5-286.9 eV, Li-alkyl carbonates at 287.9 and 289.7 eV, Li-alcoxides (R-CH2OLi) also at 287.9 eV and Li-carbonate (Li2CO3) at 290 eV. The peak at 292 eV is as-signed to fluorinated carbons (-CF2-). The carbon black peak in Fig. 5 at
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 284.4 eV is emphasised to show the increase in thickness of the surface layer as more and more of the carbonaceous species of the SEI covers the elec-trode surface, leading to ever smaller carbon black signals. A fresh electrode that has not been in contact with the electrolyte is also added to Fig. 5 for comparison. It is evident that the SEI covers more of the surface the lower the lithiation potential; at 0.01, V the SEI completely covers the electrode.
 Figure 5 The XPS C1s 284.4 eV peak for electrodes A-D together with a fresh elec-trode.
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 3.3 The dynamic character of the surface layer The XPS C1s spectra for AlSb electrodes that have been cycled three times between 0.5 and 1.2 V (E) and 0.01 and 1.2 V (F) and then delithiated are compared with an equivalent graphite electrode in Fig. 6.
 Figure 6 XPS C1s spectra for graphite; electrodes E and F are plotted on the same intensity scale.
 It is evident that the same peaks are present in all three spectra. However, the relative intensities for the peaks in sample E compared to those for sample F and graphite reveal that the carbon content of the surface layer is thinner on electrode E. Furthermore, the relation between the different SEI species in-dicates more of the Li-alkyl carbonates and Li-alcoxides on graphite than on any of the AlSb surfaces. Comparing the spectra of electrodes E and F with those of A-D (Fig. 4), it is clear that the thickness of the carbonaceous SEI components on the electrodes increases during lithiation (A and D) and then decreases when the electrodes are delithiated (E and F). This result provides strong evidence of a dynamic process in which components of the SEI come and go during electrochemical cycling.
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 4. Surface chemistry of carbon-treated LiFePO4
 LiFePO4 stands on the verge of a full commercial breakthrough as a cathode material. Its low-cost and non-toxicity has already begun a commercial revo-lution in some niche areas. The inherently poor electronic conductivity of the pure LiFePO4 has now been effectively combated by attaching amorphous carbon to its particles [44], in combination with a reduction in the particle size. By synthesising LiFePO4 in this way, high capacity retention has been achieved for extended electrochemical cycling (140 mAhg-1 at C/2 rate for more than 700 cycles) [45]. In paper III, this carbon treatment was achieved by pre-mixing the starting materials with polypropylene powder. The result was a carbon content of 0.56 wt% and an electronic conductivity of about 2·10-5 Scm-1. The surface chemistry of carbon-treated LiFePO4 was investi-gated for the first time by PES/XPS in paper III.
 Figure 7 First-cycle voltammograms for carbon-treated LiFePO4 cycled at (a) 23 and (b) 40°C.
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 Voltammograms obtained for carbon-treated LiFePO4 at 23 and 40�C are shown in Fig. 7. The capacity is significantly higher for carbon-treated than for untreated LiFePO4 [22]. That the improvement in electrochemical per-formance through increased electronic conductivity is a direct result of the carbon treatment is consistent with earlier reports [44, 46]. As seen in Fig. 7, the capacity for the carbon-treated LiFePO4 increases when the cell is cycled at 40°C; at the same time, the irreversible capacity decreases. This behaviour is also seen for untreated LiFePO4 [22]. Furthermore, this suggests that sur-face-film formation at higher temperatures does not limit cycling perform-ance as it does for the cathode materials LiNi0.8Co0.2O2 and LiMn2O4 [18, 47]. XPS characterisation of fresh carbon-treated LiFePO4 electrode surfaces reveals no presence of Li2CO3. This differs from observations for other fresh cathode electrodes: LiNiO2, LiMn2O4 and LiNi0.8Co0.2O2 [18]. It also differs from observation made on fresh Li2FeSiO4 electrodes described in Chapter 5. This absence of Li2CO3 on the surface of carbon-treated LiFePO4 can prove valuable for the long-term cycling stability of the electrode, since ini-tial Li2CO3 have been suggested to react with the electrolyte in an assembled cell and contribute to surface-film formation and an increase in impedance [18, 19]. XPS characterisation of fresh carbon-treated LiFePO4 also estab-lished for the first time the binding energies of the individual elements pre-sent in LiFePO4. Furthermore, a carbon-treated LiFePO4 electrode exposed to a 1M LiPF6 2:1 EC:DEC electrolyte has also been characterised. This measurement served as a reference for determination of the binding energies of the electrolyte salt species on the electrode. Interestingly, no evidence for the presence of elec-trolyte solvents was found. SR-excited C1s, F1s, O1s and P2p PES spectra were recorded for two car-bon-treated LiFePO4 electrodes cycled at 23 and 40°C using photon energies corresponding to the same kinetic energies for the detected electrons (Fig. 8). Fixing the kinetic energy for the detected electrons of all elements estab-lished that the electrons originated from the same depth in the studied sam-ple. In the C1s spectra for the two electrodes, the only observed peak corre-sponds to the carbon black, EPDM binder and the carbon on the LiFePO4 particles. No peaks are seen from solvent reaction products like polycarbon-ates. This is in direct contradiction with the results for LiMn2O4, LiNiO2 and LiNi0.8Co0.2O2 [18, 19, 47, 48], and might suggest that phosphate group in the iron phosphate framework does not participate in solvent reactions as do oxide groups.
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 Figure 8 C1s, F1s, O1s and P2p PES spectra for carbon-treated LiFePO4 electrodes cycled at 23°C (a-d) and 40°C (e-h), recorded at photon energies of 790, 1194, 1040 and 643 eV, respectively.
 Phosphate peaks can be identified in the P2p and O1s spectra, showing that the thickness of the salt-based surface compounds is less than the detection depth of the experiment; ca. 50 Å. Peaks from the electrolyte salt com-pounds, LixPFy, LixPOyFz and LiF, are also seen in the spectra, all in agree-
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 ment with other studies. Noteworthy is that larger amounts of salt-based compounds in general and oxygenated salt species in particular are found on the surface of electrode cycled at 40�C. SR-excited PES was also used to depth profile the electrode samples. This was achieved by varying the photon energy. Again, the only peak visible in the C1s spectra is that of the carbon black, EPDM binder and the carbon from the LiFePO4 particles. This, together with the fact that the P2p and O1s peaks from the phosphate group were detected at all photon energies, clearly shows that solvent reaction products are not present at the electrode surfaces and that the salt-based surface film is not evenly distributed over the surface. The result of the XPS/PES study is that the Solid Permeable Interface (SPI) on the carbon-treated LiFePO4 electrode is better described as a partial coat-ing of a salt-based film than a thick and completely covering SEI. Cell per-formance is therefore not limited by the surface layer as for other cathode materials. This is also supported by the higher capacity and lower irreversi-ble capacity obtained for electrodes cycled at higher temperatures.
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 5. Surface chemistry of Li2FeSiO4
 5.1 LiTFSI in EC:PC The surface stability of fresh carbon-coated Li2FeSiO4 electrodes in contact with air at ambient temperature and surface-film formation after electro-chemical cycling at 60°C with an LiTFSI 1:1 EC:PC electrolyte were studied both by synchrotron excited PES and XPS in paper IV. XPS spectra for the fresh carbon-coated Li2FeSiO4 electrodes are shown in Fig. 9. The C1s and O1s spectra for a fresh, air-exposed electrode clearly shows larger amounts of surface Li2CO3 compared to electrode stored under inert atmosphere. This is fully in line with results from studies of the cathode materials LiMn2O4, LiNiO2 and LiNi1-x-yCoxAlyO2 [18, 19, 49], but contra-dicts earlier observation for carbon-treated LiFePO4, where no evidence of Li2CO3 was found; see Chapter 4. It is likely that the Li2CO3 on air-exposed electrode surfaces of Li2FeSiO4 is formed by a reaction of atmospheric oxy-gen and CO2 with the lithium in the Li2FeSiO4 framework. Since the main C1s peak (corresponding to carbon black, EPDM and the carbon coating) has the same intensity for both electrodes, it is also likely that the Li2CO3 does not completely cover the surface, and should therefore not be regarded as a true surface film. The first electrochemical cycles for the fresh unexposed and the air-exposed electrodes are shown in Fig. 10. The striking difference in capacity for the first charge for these electrodes clearly shows that lithium has been with-drawn from the Li2FeSiO4 structure during the air exposure. In Fig. 10 we see that the subsequent discharge capacity seems not to have been affected by air exposure, this can be because the anode in this case was a lithium foil which serves as a continuous source of lithium ions. From a similar electro-chemical measurement on cells with a graphite anode, it was confirmed that lithium withdrawn on exposure to air does not participate in subsequent cy-cling processes.
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 Figure 9 XPS spectra for fresh unexposed (left) and air-exposed (right) carbon-coated Li2FeSiO4 electrodes.
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 Figure 10 First-cycle performance of an unexposed (left) and an air-exposed (right) carbon-coated Li2FeSiO4 electrode.
 Synchrotron excited PES spectra were acquired for carbon-coated Li2FeSiO4 electrodes cycled electrochemically at 60°C. A reference measurement was also conducted involving a fresh electrode exposed to the electrolyte, but not assembled in a cell. The reference spectra showed only small differences compared to the spectra of the cycled electrodes. No salt degradation prod-ucts such as LiF were found on the surface of the electrodes, indicating that the LiTFSI salt was stable during the cycling. Indications were found, how-ever, for solvent reaction products on the electrode surface. In investigations of the cathode materials LiMn2O4, LiNiO2 and LiNi0.8Co0.2O2, solvent reac-tion products have been found comprising hydrocarbons, polycarbonates and lithium alkyl carbonates [18, 19] However, no evidence whatsoever was found of carbonate-based compounds in spectra from carbon-coated Li2FeSiO4 electrodes. It is also interesting to note that Li2CO3 initially pre-sent on fresh electrodes had disappeared from the surface of an electrolyte-exposed electrode, i.e., before cell cycling. As in the case of carbon-treated LiFePO4 in Chapter 4, the SPI on carbon-coated Li2FeSiO4 again seems to be similarly thin and gives only partial coverage. However, contrary to the case of carbon-treated LiFePO4, the SPI on carbon-coated Li2FeSiO4 originates from the salt in its original form to-gether with solvent reaction products.
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 5.2 LiTFSI in EC:DEC Electrodes of carbon-coated Li2FeSiO4 cycled with a LiTFSI 2:1 EC:DEC electrolyte were studied with XPS in paper V. The C1s spectrum for an elec-trochemically lithiated carbon-coated Li2FeSiO4 electrode is shown in Fig. 11. The spectrum contains a large peak corresponding to the carbon black, EPDM binder and the carbon coating on the Li2FeSiO4 particles. There is also a smaller peak corresponding to the –CF3 groups in the LiTFSI salt. As in the case of the LiTFSI 1:1 EC:PC electrolyte (see Section 5.1), this salt is stable during cycling since the peak undergoes no broadening or shift.
 Figure 11 XPS spectra for lithiated (left) and delithiated (right) electrodes of car-bon-coated Li2FeSiO4 cycled with 1M LiTFSI 1:2 EC:DEC.
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 However, two new peaks are seen in the C1s spectrum; the first corresponds to Li2CO3, and the second probably originates from an oxygen-containing polymeric compound of polyethylene oxide (PEO) type formed by a salt-anion initiated polymerisation of EC on the electrode [33, 50-53]. These two observations are also confirmed in the O1s spectrum in Fig. 11, where the large peak contains contributions both from the LiTFSI oxygen and the PEO-type compound. The C1s spectrum for the delithiated electrode in Fig. 11 exhibits these same peaks, but with different intensity ratios. The largest peak is no longer the carbon black and EPDM binder peak, but the LiTFSI salt peak. The surface also contains more PEO-type compound and the Li2CO3 peak has become slightly more intense. These findings seem to give a clear indication of a thicker surface layer on the delithiated electrode, showing increased amounts of LiTFSI, PEO-type compound and Li2CO3. This is again confirmed in the O1s spectrum, where the LiTFSI and PEO-type compound appears at 533.0 eV and the Li2CO3 peak at 531.6 eV. Only minimal amounts of LiF were found on both electrodes.
 5.3 LiPF6 in EC:DEC Electrodes of carbon-coated Li2FeSiO4 cycled with the LiPF6 1:2 EC:DEC electrolyte were also studied with XPS in paper V. The major contribution to the C1s spectrum of the lithiated electrode seen in Fig. 12 is the carbon black and EPDM binder peak. The same peaks appear as for the lithiated LiTFSI electrode, namely from the PEO-type compound and Li2CO3. However, the low intensities of these peaks suggest minimal amounts of these compounds. The F1s spectrum reveals the LiF peak as the dominating peak, with the LiPF6 salt peak at 687.8 eV contributing most. This peak is fairly broad, however, indicating that the LiPF6 salt is unstable during cycling, degrading to LixPFy. The C1s spectrum for the delithiated electrode (also shown in Fig. 12) shows similar peaks and intensities as for the lithiated electrode. This is a clear indication that the thickness of the surface layer on the LiPF6 electrodes do not increase on delithiation, as is the case of LiTFSI-cycled electrodes; see Section 5.2. The F1s spectrum shows somewhat larger amounts of LiF, and the O1s spectrum reveals more or less the same amounts of lithium carbon-ate as the lithiated electrode.
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 Figure 12 XPS spectra for lithiated (left) and delithiated (right) electrodes of car-bon-coated Li2FeSiO4 cycled with 1M LiPF6 1:2 EC:DEC.
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 LiPF6 is known to hydrolyse in contact with water to form HF; this is thought to induce degradation of the Li2FeSiO4 particles. Fig. 13 shows Si2p spectra for the lithiated electrodes for LiTFSI (a) and LiPF6 (b) electrolytes. The peak at 101.6 eV clearly dominates, corresponding to the silicate frame-work in Li2FeSiO4. This is the only contribution in Fig. 13a. However, in Fig. 13b, there is a smaller peak at a much higher binding energy, 102.5 eV, indicating the presence of Si-F groups on the Li2FeSiO4 particle surface, as would be expected when Li2FeSiO4 is degraded by the HF. This observation therefore indicates a compatibility problem for Li2FeSiO4 electrodes together with an LiPF6-based electrolyte.
 Figure 13 XPS Si2p spectra for a lithiated carbon-coated Li2FeSiO4 electrode cycled with 1M LiTFSI 1:2 EC:DEC (a) and 1M LiPF6 1:2 EC:DEC (b).
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 6. Creating models
 Visualizing complex phenomena such as the electrode surface layers of vari-ous electrode materials without a proper model can be fairly difficult. In this chapter the best effort has been made to schematically illustrate the results accumulated within this thesis from studies of the surface layers on AlSb, LiFePO4 and Li2FeSiO4 electrodes.
 6.1 Schematic models for the SEI on AlSb
 Figure 14 Schematic model for the surface layer components of AlSb electrodes equilibrated at 0.9 V (left), 0.5 V (middle) and 0.01 V (right) with a LiPF6 electro-lyte.
 Schematic models for the surface layer on AlSb electrodes (see Chapter 3) are shown in Fig. 14. The electrode equilibrated at 0.9 V vs. Li°/Li+ exhibits a rather thin surface layer consisting of small amounts of Li-alkyl carbon-ates, LiF and electrolyte salt products. The surface layer may not even com-pletely cover the electrode. Equilibration at 0.5 V gives larger amounts of these same species; and this trend culminates for 0.01 V equilibration with a thick SEI providing complete surface coverage.
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 Fig. 15 shows schematic models of AlSb electrodes equilibrated at 0.5 V and then delithiated (left), and equilibrated at 0.01 V and delithiated (right). The amounts of Li-alkyl carbonates on the electrodes after delithiation are re-duced, which shows the dynamic behaviour seen for the AlSb SEI.
 Figure 15 Schematic model for the surface layer components of AlSb electrodes equilibrated at 0.5 V and then delithiated (left) and equilibrated at 0.01 V and de-lithiated (right) with a LiPF6 electrolyte.
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 6.2 Schematic model for the SPI on LiFePO4
 Figure 16 Schematic model for the surface layer components on the lithiated LiFePO4 electrode cycled with a LiPF6 electrolyte.
 Fig. 16 is an illustration of the surface layer on LiFePO4 as described in Chapter 4. The results indicate some LiF and salt degradation products. However, they also indicate a total absence of carbonate-based compounds and incomplete surface layer coverage.
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 6.3 Schematic models for the SPI on Li2FeSiO4
 Figure 17 Schematic model for the surface layer components on lithiated Li2FeSiO4 (left) and delithiated (right) electrodes cycled with a LiTFSI electrolyte.
 In Figs. 17 and 18 are schematic illustrations of surface layer formation on Li2FeSiO4 electrodes under different conditions; The Li2FeSiO4 electrodes were cycled with a LiTFSI electrolyte in Fig. 17 and a LiPF6 electrolyte in Fig. 18. Quite small amounts of Li2CO3 are seen for cycling in LiTFSI, lar-ger amounts of polymer and unreacted LiTFSI salt in Fig. 17 (left). These amounts are even larger in Fig. 17 (right), while the amount of Li2CO3 re-mains the same. Fig. 18 is almost the same as for LiFePO4 (Fig. 16), except for the small amounts of Li2CO3. There is no increase in surface-layer thick-ness for the delithiated electrode, Fig. 18 (right), as was the case for the de-lithiated electrode cycled in LITFSI, Fig. 17 (right).
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 Figure 18 Schematic model for surface layer components on lithiated (left) and delithiated (right) Li2FeSiO4 electrodes cycled with a LiPF6 electrolyte.
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 7. Conclusions and future work
 This work has generated several new insights into the world of electrode surfaces for lithium-ion batteries. Here follows a brief summary of the most important conclusions drawn from the studies conducted in this thesis, fol-lowed by some suggestions for future work.
 � On cycling AlSb electrodes in an LiPF6-based electrolyte, it has been
 found that the thickness of the SEI depends strongly on the voltage to which the electrode is taken under the first lithiation. Most of the SEI is deposited between 0.50 and 0.01 V. On subsequent cycling, the thickness of the SEI on delithiated electrodes decreases almost to the same value as before lithiation. The SEI on AlSb-electrodes exhibits a dynamic behav-iour. Moreover, it is the Li-alkyl carbonates formed on the electrodes which exhibit this dynamic behaviour, not the salt degradation products.
 � The surface layer formed on LiFePO4 on electrochemical cycling, at both
 23°C and 40°C is found to be strikingly different from that for other cath-ode materials in the sense that no evidence is found of Li2CO3 formation prior to electrolyte contact; nor is there any evidence of degradation prod-ucts such as polycarbonates, polymeric compounds and lithium alkyl car-bonates from solvent reactions or decompositions after cycling. This is in direct contrast to other cathode materials: LiMn2O4, LiNiO2, LiCoO2 and LiNi0.8Co0.2O2.
 � The surface layers on fresh Li2FeSiO4 electrodes exposed to air show
 larger amounts of carbonates, Li2CO3 and LiHCO3 than electrodes stored under inert atmosphere. This suggests that lithium is withdrawn from the Li2FeSiO4 structure on exposure to air.
 � When cycled with a LiTFSI EC:PC electrolyte, small amounts of Li-
 carboxylates were found on the surface of Li2FeSiO4. However, the major component of the surface film was the stable LiTFSI salt. No LiF or car-bonate-based compounds were found on the surface after electrochemical cycling.
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 � Li2CO3 is found on the surface of Li2FeSiO4 when cycled both with LiT-FSI and LiPF6 salts in a 2:1 EC:DEC solvent. This contrasts with the case of the EC:PC solvent, suggesting that the Li2CO3 originally present on the surface could not be dissolved in the EC:DEC solvent, as it could in the EC:PC solvent.
 � The Li2FeSiO4 surface on cycling with the LiTFSI 2:1 EC:DEC electro-
 lyte exhibits a polymeric layer incorporating TFSI- anions and Li2CO3. � The Li2FeSiO4 surface on cycling with the LiPF6 2:1 EC:DEC electrolyte
 exhibits a thin layer with only small amounts of carbonaceous species. However, the commonly observed LiPF6 salt instability, resulting in the formation of LixPFy, LixPOyFz and LiF species, was also seen here.
 � There are also indications of Li2FeSiO4 corrosion by the HF formed on
 hydrolysis of LiPF6.
 It has further been shown that AlSb electrodes cycle well as long as the po-tential is maintained above 0.50 V vs. Li°/Li+. The LiPF6 salt also seems to work well with AlSb. However, to further improve the cycling performance of AlSb, it is important to establish this optimal lower potential cut-off more precisely. The surface layer on LiFePO4 electrodes has been shown to be extremely thin and free of organic solvent residues. This is certainly beneficial to the cycling capability of this material. LiPF6-based electrolytes also seem to work well with LiFePO4. It is important to also study the surface chemistries of LiFePO4 when used in conjunction with a graphite anode. The Li2FeSiO4 material has also been shown to produce very thin surface layers, just as for LiFePO4. That the Li2CO3 formed on Li2FeSiO4 on expo-sure to air disappears in PC-based solvents but not in DEC-based solvents is interesting. However, it is still preferable to avoid air exposure in the synthe-sis of this material. Since LiPF6-based electrolytes appear to induce changes in Li2FeSiO4 it is best to avoid LiPF6 in practical applications. Further stud-ies on the effects of LiPF6-electrolytes on Li2FeSiO4 are to be recommended. It will also be necessary to study the surface chemistries of Li2FeSiO4 in conjunction with anode types of other than Li-metal.
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 9. Sammanfattning
 Så länge världens energibehov fortsätter att kraftigt öka kommer vi att behö-va nya energikällor som är bättre, miljövänligare och billigare än de gamla. Här kan litiumjonbatterierna spela en avgörande roll. Dessa batterier kan redan nu producera mer energi än andra typer av uppladdningsbara batterier som exempelvis nickelmetallhydrid och nickelkadmiumbatterier. Dessutom kan litiumjonbatterierna göras betydligt miljövänligare, lättare och billigare.
 Ett batteri består av tre delar (se figur): en katod (pluspol), en anod (minus-pol) och en separator med elektrolyt mellan katoden och anoden. För litium-jonbatterier kan katoden exempelvis bestå av LiNixCo1-xO2 eller LiFePO4 medan anoden ofta består av grafit. Elektrolyten kan vara en fast polymer eller gel men för det mesta består den av ett litiumsalt löst i organiska lös-ningsmedel. Det är viktigt att elektrolyten har stor jonledningsförmåga sam-tidigt som den inte får leda elektroner, skulle den göra det blir batteriet kort-slutet. När ett litiumjonbatteri laddas upp frisätts litiumjoner (Li+) från kato-den. Dessa litiumjoner vandrar genom elektrolyten över till anoden samtidigt som elektroner transporteras i en yttre krets från katoden till anoden. Under urladdning sker det motsatta förfarandet spontant medan en spänningskälla måste användas vid uppladdningen. När man laddar upp ett litiumjonbatteri för första gången går en del av strömmen åt till att bygga upp ett gränsskikt mellan anoden och elektrolyten.
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 Detta sker mellan 0,8 och 0,2 V och beror bland annat på att lösningsme-delsmolekyler i elektrolyten reduceras på anodytan så att ett fast ytlager bil-das. De egenskaper detta ytskikt får beror till mycket stor del på vilket anodmaterial som används samt vilket litiumsalt och lösningsmedel elektro-lyten består av. Ett liknande ytskikt kan också förekomma mellan katoden och elektrolyten. Det har visat sig att dessa ytskikt har stor betydelse för hela batteriets säkerhet, förmåga att inte självurladda samt förmåga att leverera en hög kapacitet. De kemiska processer som leder fram till bildandet av ett så-dant ytskikt är förhållandevis väl dokumenterat för grafitanoden, men knap-past alls för övriga elektrodmaterial. Av den anledningen är det så viktigt att studera de kemiska processer som leder fram till bildandet av dessa ytskikt. I den här avhandlingen har ytskikten på AlSb-anoden, LiFePO4-katoden och Li2FeSiO4-katoden dokumenterats med hjälp av bland annat Röntgenfoto-elektronspektroskopi (X-ray Photoelectron Spectroscopy, XPS). XPS, ursprungligen kallat elektronspektroskopi för kemisk analys (Electron Spectroscopy for Chemical Analysis, ESCA), är en teknik där det prov som ska studeras placeras under väldigt lågt tryck och belyses med röntgenljus av en viss energi. Dessa röntgenfotoner kan slå ut elektroner (sk fotoelektroner) ur provytan. Dessa samlas upp och analyseras i en detektor. Fotoelektroner som slås ut från olika atomer färdas mot detektorn olika snabbt beroende på hur hårt bundna de varit i provet Även fotoelektroner som slås ut från två atomer av samma typ, men där dessa atomer i sin tur binder till olika atomer, kommer att få en skillnad i hastighet (rörelseenergi). Det är denna rörelse-energi som analyseras i detektorn och som kan ge en bild av vilka kemiska ämnen som förekommer på den elektrodyta som studeras. Två av de mest lovande materialen för katodsidan är LiFePO4 och Li2FeSiO4. Av den anledningen studerades bland annat dessa materials elek-trodytor med XPS. För båda materialen ledde detta fram till slutsatsen att elektrodernas ytskikt är väsentligt annorlunda än tidigare studerade material. Till exempel visade det sig att ytskiktet på LiFePO4-elektroder är mycket tunnare och innehåller färre komponenter, bland annat gjordes det klart att det varken fanns litiumkarbonat eller organiska litiumföreningar. Detta vän-tas vara positivt då ett tjock ytlager förväntas bidra till en högre resistans med försämrat kapacitetsutnyttjande.
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