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ABSTRACT
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Ion insertion into electrode materials can be used to store energy in battery applications.
In this thesis, photoelectron spectroscopic and x-ray absorption spectroscopic methods have
been used to study the change of the electronic structure of host materials during
electrochemical ion insertion.

Specifically, the properties of ion insertion into nanoporous TiO2 were studied. It is
demonstrated that the insertion of Li ions results in a reduction of the Ti4+ sites in TiO2 to
Ti3+ sites close to the inserted Li ion. The intensity of the Ti3+ is directly correlated to the
number of inserted electrons. It is also shown that the two phases resulting from moderate
insertion can be detected by studying the electronic structure of inserted Li ions and the
behavior observed can be correlated with electrochemical measurements.

Insertion of ions into tungsten oxides is a potential candidate for smart window and
display applications. Ion insertion into these materials was, also studied with electron
spectroscopic methods. The insertion of H+ reduces W6+ to W5+ and further insertion results
in a reduction to W4+. Cyclic voltammerty shows two reduction peaks where the first peak
implies reduction of W6+ to W5+ and the second peak can be associated with further
reduction to W4+.

During the first charge/discharge cycles of a battery based on graphite anodes a solid
electrolyte interface layer is formed on the electrode surface. This layer consumes some of
the charge carrying Li ions, hence decreases the capacity of the battery. A careful
characterization of this layer has been performed to aid in the further development of this
type of battery.
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Chapter 1

Introduction
The demand in the society for safe and efficient energy storage is one of the
main reasons for the investigations in this thesis. An attractive route to
reversibly store energy is electrochemical insertion of ions into host materials.
Batteries[1,2] based on these ideas are already in use today [3,4]. Ion insertion
is also often accompanied by a change in color. Therefore the materials can be
utilized in the field of smart windows and displays [5-10]. The investigations
reported here are intended to give fundamental knowledge of the changes in
the electronic structure of the host materials as a consequence of ion insertion.

In the applications mentioned above, surface processes are important and
often limits the use. Hence materials with a large surface area are desirable.
The use of materials having a very large surface area started with the devel-
opment of solar cells based on nanoporous anatase TiO2 films [11]. These
nanoporous TiO2 films consist of nanoparticles having a radii of ~10 nm
which are interconnected to form a sponge-like structure. The inner surface of
this structure is increased typically one hundred times per micrometer film
thickness, compared to a flat surface. The number of surface processes that
can occur on a surface increases proportionally to the increase of the surface
area. The insertion of ions into nanoporous TiO2 from an electrolyte can now
be performed into all the interconnected nanoparticles simultaneously. The
number of ions transferred per second or in other words the current drawn
from the battery, can therefore be increased. In terms of the smart window and
display applications this means faster color switching times.

Apart from nanoporous TiO2 also tungsten oxide films were studied in this
thesis. Tungsten oxide was the first electrochromic material discovered [5]
and is by far the mostly studied [12]. Graphite carbon is another material of
interest for ion storage studied here, focusing on the surface processes on the
graphite anode used in a thin film battery[13].
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Chapter 2

Experimental Methods
This chapter describes the experimental methods used in this thesis including
spectroscopic methods based on the photoelectric effect, x-ray absorption and
electrochemical methods.

Figure 2.1. Schematic picture of a. the photoelectric process, PES, and b. the
x-ray absorption, XAS, process.

2.1 Photoelectron spectroscopy

In photoelectron spectroscopy, PES, the sample is irradiated with
monochromized radiation with energy larger than the work function of the
sample and the kinetic energy of the emitted electrons is analyzed, cf. Figure
2.1a. If the electrons are scattered during their path through the material they
are lost for detection, hence the probing depth is very shallow and the methods
generally surface sensitive. The ionization energy, EB

I , is then calculated from
the relation
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EB
I h EK (2.1)

Here E K  denotes kinetic energy of the emitted electron and h  the energy of
the incident radiation. The ionization energy EB

I  is referred to the vacuum
level and E K  is the kinetic energy of the electron just outside the surface. For
condensed phase samples the Fermi level, EB

F , is often used as reference level
for the binding energy scale. The difference between the scales is the work
function ( S ) of the sample:

EB
F E B

I
S (2.2)

The kinetic energy EK  measured in the spectrometer relates to EB
F  via:

EB
F h E K sp (2.3)

where sp is the work function of the spectrometer, cf. Figure 2.2. In this
thesis, when the PES scale is calibrated vs. the Fermi level of the sample, it is
labeled with binding energy. In the measurements where the vacuum level is
used as reference level this is indicated and they are labeled with ionization
energy.

Figure 2.2. An energy level diagram for the sample in electrical contact with
the spectrometer.
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As mentioned above, the short distance electrons are able to travel in a
material without being captured, is the key to the surface sensitivity of the
method. The surface sensitivity can be altered by varying the excitation
energy, and hence the kinetic energy of the electrons leaving the sample. The
intensity of electrons from a sample can be described as:

I (Ek ) 1 exp d
(Ek )

(2.4)

where  is the electron inelastic mean free path and d is the sample thickness.
 is dependent of the kinetic energy, Ek , following the so called universal

curve, see ref [14]. The implication of this is that by changing the photon
energy of the excitation light, the surface sensitivity is altered. Thus, a light
source with variable wavelength is a great advantage.

If a uniform surface overlayer with thickness x is present on the sample
surface the intensity from the substrate can be described as:

I (Ek ) 1 exp d
(E k )

exp dx

x (E k )
(2.5)

where x denotes the mean free path in the overlayer.

2.1.1 Satellites
Other processes may occur in PES apart from elastic photoemission
previously described. Some of these processes are the origin for additional
peaks commonly referred to as satellites, or shake-ups. In a shake-up process
some of the energy is transferred to the excitation of an occupied valence level
electron into an unoccupied electronic state of the sample. Consequently
shake-up peaks occur on the high binding energy side of the main peak.
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2.1.2 Line width and shape
The resolution in a PES spectrum depends on several factors. The lifetime of
the core hole broadens the line; the shorter the life time the broader the peak.
The line shape due to the lifetime broadening is Lorentzian. Experimental
factors, such as energy width of the incident radiation and the resolution of the
analyzer, contribute to the total line width with a Gaussian distribution. By
changing the slit width for the light entering the monochromator the
contribution from the monochromator to the resolution is changed. The
resolution of the analyzer can be altered e.g. by changing the pass energy. The
resulting line shape can be approximated by a convolution of Lorentzian and
Gaussian distributions. This shape is known as a Voigt shape. In a metal
where the Fermi level is located in a conduction band, there is a possibility for
low energy excitations. The resulting “shake-up” becomes a part of the line
shape and can be modeled with a convolution of an exponential function on
the high binding energy side of the peak.

2.2 Near edge x-ray absorption fine structure spectroscopy

Synchrotron radiation facilities have opened up a new field of spectroscopic
methods, complementing the more traditional methods based on standard
Al K  or Mg K  radiation. Using synchrotron radiation the wavelength of the
incident light can be varied. The radiation can therefore be tuned to match a
transition of choice, from a core level to an unoccupied state. This is the basis
of x-ray absorption spectroscopy, XAS and is shown in Figure 2.1b. This
spectroscopic method is also commonly referred to as near edge x-ray
absorption fine structure spectroscopy, NEXAFS.

2.2.1 Detection methods
The highly excited states resulting from the x-ray absorption process decay
mainly through Auger processes cf. Figure2.3a. The number of absorbed
photons is proportional to the number of core holes and thus to the number of
emitted electrons. It is therefore possible to map the NEXAFS spectrum by
collecting the Auger electrons. The detection in terms of electrons implies a
surface sensitive mode of recording the x-ray absorption spectrum.
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Another possibility is to record the current floating from the sample in order to
compensate for the emitted electrons. This method is called total yield (TY).
The core hole excited atom can also decay by de-excitation of the excited
electron to the core hole by emitting a photon, the detection of emitted
photons is known as fluorescence yield (FY). FY detects photons, and the
escape depth (~1000 Å) of photons sets the depth possible to probe.

A fourth way of measuring the absorption of x-rays is to place a photon
detector behind the sample and compare the incoming and outgoing photon
fluxes. However, in this case the sample must be thinner than the penetration
depth of the incoming photons.

2.3 Resonant Photoelectron spectroscopy

Resonant Photoelectron spectroscopy (RPES) can be described as PES of the
valence band using a photon energy that coincides with the excitation energy
of a core electron to an unoccupied state.

2.3.1 Decay Processes
The PES process leaves the atom core ionized and thereby in a highly excited
and unstable state. The core hole is therefore rapidly filled with an electron
from an outer level. The excess energy is released from the atom either as a
photon (radiative decay) or is transferred to an electron that leaves the atom.
For an XAS process (cf. Figure 2.1 b), the subsequent decay may occur via
two types of transitions, participator or spectator decay (cf. Figure 2.3b)
leaving the atom singly ionized.

In participator decay, the excited electron is emitted while a valence band
electron fills the core hole. The final state of the participator decay is the same
as for valence band PES. In spectator decay a valence band electron is emitted
and another valence band electron fills the core hole i.e. the excited electron
does not take part in the decay process and the atom is left in the same final
state as a shake-up process in PES.
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After a non-resonant excitation above ionization threshold the atom is left in a
core ionized state. The energy of the emitted decay electron is characteristic
for the atomic species and independent of the incident radiation (Auger
decay), cf. Figure 2.3 a.

Figure 2.3. The principles of Auger decay (a) and autoionization (b) showing
the two different autoionization paths participator- and spectator-decay, left
and right respectively.

The decay process of interest in RPES is autoionization where the participator
decay enhances structures in the valence band originating from the element
carrying the original core hole and spectator decay enhances shake-up
structures.

Core hole decay spectra can be used to extract kinetic information on
electronic processes that occur within the lifetime of the core hole, typically a
few femtoseconds, using the concept of the core hole clock [15-18].
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2.4 Constant initial state spectroscopy

Constant initial state spectroscopy (CIS) is a further development of RPES.
CIS implies that the excitation energy is scanned, normally over the NEXAFS
region, while recording the intensity of a PES peak. In this work, CIS has been
utilized to separate x-ray absorption spectra of two different species of the
same element. This is possible due to the different number of valence
electrons for the two species.

One example of interest is LixTiO2 where the absorption from Ti3+ atoms is
singled out from the XAS spectrum, which contains contributions from both
Ti3+ and Ti4+. The initial states are 2p6 3d0 for Ti4+ and 2p6 3d1 for Ti3+. The
PES measurement of the Ti3+ valence band can be described as:

2 p6 3d1 2 p6 3d 0 2.5

and the Ti2p x-ray absorption process for Ti4+ can be describes as:

2 p6 3d 0 2p5 3d1 2.6

and for Ti3+ as:

2 p6 3d1 2 p5 3d 2 2.7

The electron configuration after x-ray absorption at Ti4+ does not allow for a
decay process involving two 3d electrons whereas it is allowed from the
electron configuration of Ti3+ after x-ray absorption. This difference is
exploited in CIS by following the participator decay of Ti3+ that can be
described with a two-step process as:

2 p6 3d1 2 p5 3d 2 2 p6 3d 0 2.8

The final state of the process for a Ti3+ atom (Eq. 2.8) is the same as the final
state after direct photoemission of the 3d electron at a Ti3+ site (Eq. 2.5). This
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shows that there are two contributions to the Ti 3d state during the CIS
measurement (Eqs. 2.5 and 2.8). The contribution to the intensity from Eq. 2.5
can be regarded constant over the x-ray absorption energy interval. The
contribution to the intensity from Eq. 2.8 is, however dependent on the
number of electrons excited into unoccupied states, hence a direct measure of
the x-ray absorption in Ti3+ atoms.

In papers I, III, IV and VI we have performed CIS measurements of the
valence band scanning the photon energy over the Ti 2p absorption edge while
recording the intensity of the peak corresponding to the Ti 3d state. The
resulting spectrum of integrated intensities as a function of excitation energy
corresponds to the x-ray absorption spectrum of the Ti3+ species, cf. Figure
2.4.

Figure 2.4. CIS measurement of Li0.5TiO2 valence band (top panel) and the
integrated Ti 3d peak at 4.7 eV binding energy (bottom panel).
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2.5 Resonant x-ray inelastic emission scattering
spectroscopy

Resonant x-ray inelastic emission scattering spectroscopy (RIXS) is a
technique that provides information of the unoccupied and occupied part of
the electronic states. The method monitors the radiative core hole decay upon
a resonant excitation. The mean free path for x-ray photons is, as earlier
mentioned, of the order of 1000 Å, hence the measurements have larger bulk
sensitivity than when electrons are detected. Since the transitions in RIXS
obey the dipole selection rules, the orbitals and the symmetries involved can
also be analyzed.

2.6 Synchrotron radiation

PES measurements can be performed using a number of light sources. The
common denominator is that the energy of the excitation light must exceed the
work function of the sample. UV light has been widely used to study valence
bands. Characteristic x-rays, e.g. Al K  and Mg K  are used to study core
levels. The most versatile light source is, however synchrotron radiation (SR).
SR is emitted when charged particles are accelerated while they are traveling
at a very high, relativistic, speed.

A synchrotron storage ring consists of a number of straight sections and
bending magnets in a closed circuit. The radiation is emitted at the bending
magnets where the electrons stored in the ring are accelerated into a new
direction. This radiation has a broad continuous energy distribution. In order
to make use of the straight sections, insertion devices such as undulators and
wigglers can be utilized. They consist of arrays of magnets that create
oscillations in the electron beam, providing radiation with other properties
than the radiation emitted from a bending magnet. The resulting radiation has
very high brightness; the trade off, however, being that the brightness is
concentrated at specific energies. Changing the magnetic field (pole gap) of
the undulator or wiggler changes the photon energy with maximum
brightness.
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Synchrotron radiation has several advantages over characteristic x-ray
radiation. In particular, the photon energy may be varied continuously over
wide ranges, using monochromators. This makes it possible to choose the
most suitable energy for the experiment, for example with respect to surface
sensitivity. In order to conduct experiments such as XAS, RPES, CIS or
RIXS, synchrotron radiation is generally a necessity.

The polarized nature of SR has a number of applications and can be used to
study for example bonding geometry or magnetic properties. This has not been
utilized in this thesis and is therefore not described in detail.

The light beam is directed towards the experimental set-up through a beamline
(BL) and the experiments are performed at end-stations. End-stations are
generally designed for specific experiments such as photoelectron
spectroscopy, crystallography etc. Below follows a brief description of the
beamlines and end-stations that are encountered in the experiments described
in this work.

2.6.1 Beamline I411 at the MAX laboratory in Lund
The light at BL I411 is provided from an undulator and it passes through a
grazing incidence Zeiss SX700 monochromator[19]. It is designed for PES
and XAS studies of gases, solids and liquids [20] in the energy range of 50-
1500 eV. The analysis chamber can operate under high vacuum conditions up
to 10-6 mbar. A schematic drawing of the end station is shown in Figure 2.5.

2.6.2 Beamline D1011 at the MAX laboratory in Lund
The end station BL D1011 is specialized for surface analysis and is operating
under ultra high vacuum conditions (UHV, 10-10 mbar). It is also equipped
with a Zeiss SX700 monochromator [21]. During the experiments carried out
in paper II the preparation chamber was equipped with a dosing system for
titaniumtetraisopropxide to prepare the TiO2 film and a Li evaporator for
subsequent Li insertion.
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2.6.3 Beamline 7.0.1 at the Advanced Light Source, ALS, at Lawrence
Berkeley National Laboratory, Berkeley, USA
The UHV end-station used at BL 7.0.1 is specialized for RIXS. The undulator
beamline is equipped with a spherical grating monochromator [22]. The
undulator can change pole gap while the monochromator gratings rotate, so
that the beamline performs at the peaks of the undulator spectrum i.e. at
maximum photon flux during the measurements.

2.6.4 PES and electrochemistry
The samples studied in this thesis were to a large extent electrochemically
modified. For the preparation of samples sensitive to oxygen or water, the
electrochemical treatment took place in an argon-filled glove box separated
from the end station at BL I411. The samples were mounted on the sample
holder and protected from the atmosphere during the transfer to the end-
station by an o-ring sealed stainless steel tube. The sample holder was
mounted on the manipulator rod and the preparation chamber was closed and
pumped down. When the pressure in the preparation chamber reached 5 10 4

mbar the protection tube was removed, cf. Figure 2.5.

Figure 2.5. Cross-section of the end-station used at BL 411 MAX-lab. The
horizontal manipulator used to remove the protection tube is not shown.
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Since this system was not available at ALS, the sample preparation was
performed in a glove bag mounted on a load-lock hatch and continuously
purged with argon. The sample was mounted on the sample holder in the
glove bag and put in the load-lock system for degassing before introduction
into the analysis chamber.

2.7 Electrochemical methods

Electrochemical measurements can be used to extract e.g. thermodynamical
information from a system [23]. The electrochemical characterizations and
preparations in this thesis were performed using a three-electrode set-up
controlled by a potentiostat or galvanostat, depending on whether the potential
or current was controlled. The set up consisted of three electrodes; the sample
as working electrode (WE), a reference electrode (RE) and a counter electrode
(CE). The power supply was used to control (or monitor) the potential
between the RE and the WE while monitoring (or controlling) the current
between the WE and the CE, cf. Figure 2.6.

Figure 2.6. A schematic picture of a potentiostat/galvanostrat and a three-
electrode set-up.
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2.7.1 Chronoamperometry
An experiment where the potential between the WE and the RE is controlled
and changed in a stepwise fashion while the current between the WE and the
CE is recorded as a function of time is known as a chronoamperometic
experiment. The preparations of the samples in papers I and III-VII were made
with chronoamperometry to ensure an accurate measurement of the current as
accurate as possibly. The current was then integrated over time to obtain the
charge stored in the electrodes.

2.7.2 Galvanostatic measurement
Galvanostatic measurements are performed by controlling the current between
the WE and the CE while the potential between the WE and the RE is
monitored. From the resulting graph of potential vs. time it is possible to
analyze the phase behavior of ion inserting systems. The energy to insert
charge and ions into the material is reflected by the potential needed to insert
the ion. A progressively increasing potential during insertion reveals a solid
solution mechanism, while a constant potential indicates that the resulting
material has a two-phase equilibrium.

2.7.3 Cyclic voltammetry
Cyclic voltammetry is an electrochemical method used for detailed studies of
reaction kinetics and to identify a chemical substance by analyzing the
position and shape of the redox waves. It is also possible to use for removing
traces of water from the surface of the electrodes [24]. The experiment is
conducted by controlling and sweeping the potential between the WE and the
RE while monitoring the current between the WE and the CE. Hence, a cyclic
voltammogram shows the current as a function of potential.
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Chapter 3

Materials aspects
This chapter will give a short introduction to the materials and experimental
conditions used in this thesis which will serve as a background to the more
detailed discussions in chapters 4-7. A short description of the dye-sensitized
solar cell is also included as a background to the discussion concerning the
role and distribution of electron traps in the solar cell system discussed in
paper VII.

3.1 The metal oxides

3.1.1 TiO2

Nanoporous TiO2 films have a potential as an essential component in many
applications and has therefore been intensively studied for a number of years
They have been discussed for gas sensors [25,26], catalysts [27-29] solar cells
[11], batteries [30-32], displays or so called smart windows[8,33,34]. Gas
sensing, catalysis and light harvesting in the dye-sensitized solar cell are
surface events. The battery and smart window application also involves the
bulk of the material as ion and charge storage. The overall rate of the ion
transfer into the bulk per second is proportional to the surface area. The use of
nanoporous TiO2 [11] increases the surface area by typically a factor of
hundred per micrometer thickness of the film that is, all surface processes
have therefore access to a proportionally larger area.

Anatase TiO2 has titanium octahedrally coordinated with oxygen, where the
octahedras share corners and edges, cf. Figure 3.1. The crystal structure of
anatase is I41/amd as reported by several authors [35]. The octahedral
structure of TiO2 results in a splitting of the unoccupied Ti 3d band of Ti
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atoms into a t2g band where the orbitals are directed inbetween the oxygen
atoms and an eg band where the orbitals are directed towards the oxygen atoms
(see for example ref [36]). NEXAFS measurements of TiO2 L3 show that
especially the structure of the eg band is sensitive to the symmetry of the TiO2

structure, such that anatase readily can be distinguished from other
polymorphs [37,38].The Li inserted phase has a less symmetric space group,
Imma [31,35,39].

Figure 3.1. Anatase TiO2 structure showing the stacking of the TiO6
octahedra from [31].

3.1.2 Tungsten oxide
Tungsten oxide was the first discovered electrochromic material ref [5] and
has been by far the most extensively studied material, (for a review see ref
[12]). WO3 films are often prepared by evaporation or sputtering, but many
electrochemical and chemical techniques can also be used [12]. The crystal
structure of WO3 is of perovskite-type, but some atomic displacements and
rotations of WO6-octaehadra normally occur so that, depending on
temperature, tetragonal, orthorhombic, monoclinic or triclinic symmetries are
found.

3.1.3 Polyoxometalates
Polyoxometalates is a class of materials first described by Berzeliuis 1826
[40]. These materials may have a large number of different structures. The two
compounds in this thesis belongs to the group described by XO4W12O36

y-

where X is either P or Si. Figure 3.2. shows the structure of the cluster where



25

the central atom is the atom designated X above. The charge of the cluster is
determined by the central atom, X, and the structure can be charge
compensated by H+.

The polyoxometalates exhibit properties unique in their versatility mainly due
to electron- and proton transfer/storage abilities and high thermal stability
[41]. Many of the properties in solution are retained in the solid state, i.e. the
crystalline salts, since this type of large anions tend to have very weak
attraction to the counter ions and solvent molecules. The properties of
polyoxometalates are desirable in such fields as catalysis [42,43], analytical
chemistry [44], electronics [45] and medicine [41]. Electrochromic devices
have been produced by compressing phosphotungstic acid, PWA [45-47] and
cells based on PWA incorporated in a conducting polymer [48] or in water
solution [49] have been reported.

Figure 3.2. The structure of the polyoxometalates used in the thesis. The
tungsten atoms in black, oxygen in white and the central atom is phosphorous
or silicon [41].

3.2 The thin film preparations

The nanoporous TiO2 films were prepared from colloidal dispersion of TiO2

[11] The dispersions were doctor bladed onto conducting glass (Libbey Owens
Ford (LOF) fluorine doped SnO2, sheet resistance of 8 / ) and fired at
450°C. The films consist of 5-10 nm radius particles as determined from
scanning electron micrograph of the unsintered solution. The film thickness
was always less than 3 m as determined by a profilometer. The conducting
tin oxide on the glass substrate was covered with a very thin and dense TiO2
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layer (< 5 nm) [50] to avoid unwanted electrochemical reactions at the back
contact.

Tungsten oxide films were prepared from a solution of WCl6 dissolved in dry
ethanol at –15°C. The mixing was performed in atmosphere, resulting in a
yellow liquid turning blue if left in contact with the air. The spin coating of the
solution was performed immediately and the electrodes were fired using a hot
air gun (450°C, 10min). The films were characterized by means of x-ray
diffraction and contained polycrystalline monoclinic WO3.

Films of silicotungstic acid, SiWA, were prepared by spin-coating using a
0.5 M SiWA ethanol solution. The thickness of the non-porous tungsten oxide
and the SiWA was determined to be approximately 0.5 m by means of
ellipsometry. Thin films of PWA were not possible to examine
electrochemically since they were not stable in the electrolyte and
disintegrated.

3.3 The electrochemical systems

In this section, the electrochemical system is described a more detailed
discussion of the physical and chemical properties for the cation insertion is
the main theme of this thesis and is discussed in chapter 4.
The three-electrode electrochemical experiments were normally carried out
with Ag/AgCl in saturated LiCl in propylene carbonate as RE and a platinum
coil as CE. The CE was separated from the electrolyte with a glass frit to
avoid residual products formed at the CE to be transferred to the electrolyte. In
paper VI a Li metal ribbon was used as RE and CE with the advantage that no
unexpected reaction occur at neither the RE nor the CE. The difference
between the Ag/AgCl and The Li/Li+ potential scales in this system was
2.81 V. The potential scale used in this thesis is given vs. Ag/AgCl.

In order to study the effects of different alkali ions a dry (water free) system is
required to minimize the effect from unwanted side reactions. To ensure a dry
environment all preparations and experiments were performed in an argon
filled glove box (< 1ppm water).
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The alkali ion insertions into metal oxides were performed from electrolytes
consisting of propylene carbonate and a salt containing the alkali ion and
CF3SO3

- as the counter ion. The choice of counter ion was based on its known
stability, in order to minimize its influence on the electrochemical process.
The insertion of protons was, as will be discussed in section 4.1.1, limited to
tungsten oxides and was performed in a three-electrode set up with Ag/AgCl
as RE and a platinum coil as CE. The electrolyte consisted of 50 mM H2SO4.

In paper XI, the object was to study a special type of side reaction in a
graphite battery system. The reaction of interest was the formation of a surface
layer that consumes some of the Li ions in the cell and thereby decreases the
performance of the battery. The graphite samples were prepared as sandwich
cells where a Li foil acted as reference and counter electrode. In this case 1 M
LiBF4 in 2:1 ethylene carbonate and dimethyl carbonate was used as
electrolyte.

Figure 3.3. shows a nanoporous ion insertion system. The nanoporous
working electrode is penetrated by the electrolyte all the way to the back
contact and the insertion process can readily occur in every nanocrystal. When
the ions enter the crystal structure of the metal oxide the charge compensating
electron will reside close to the ion. Simultaneously the electrode will change
color from the original transparent or white to dark blue.

Figure 3.3. The nanoporous electrode as working electrode and a Li counter
electrode (reference electrode not shown).
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3.4 A photoelectrochemical system

In this final section, the dye-sensitized solar cell is briefly described and a
short discussion is gives concerning the trap states in the solar cell as a basis
for the discussion in sec. 5.1.1. Based on PES valence band measurements of
Li+ insertion into TiO2 and dye-sensitized TiO2 the nature of the trap states
induced by the interaction between the solar cell components is discussed in
paper VII.

TiO2 is a wide band gap semiconductror and can in it self convert light to
electricity. With a band gap of 3.2 eV only ultra violet light is absorbed but
with dye sensitization is it possible to harvest light from large parts of the
solar spectrum [11]. The photocurrent is generated when a photon excites a
dye molecule, which then injects an electron into the metal oxide. The
oxidized dye molecule is subsequently regenerated by electron transfer from a
redox couple in an electrolyte. The electrolyte contains a counter ion to the
charge transferring redox couple. In many cases, Li+ is preferred as counter
ion due to the increased efficiency compared to many other counter ions. In
this solar cell, trapping of electrons in the metal oxide will affect the charge
transfer processes at the oxide/dye/electrolyte interface as well as the electron
transport process through the nanoporous network to the external circuit. For
example, the recombination kinetics between electrons injected into
nanoporous TiO2 films and adsorbed dye cations is suggested to be strongly
dependent on the electron occupancy of trap or conduction band states of the
film [51,52].

To further improve the solar cell performance, a better understanding and
control of the interface is desirably. In order to accomplish this, a clear view
of the trap states in the nanoporous film is required. Some results imply an
exponential distribution of traps below the CBE,[53-55] which has been used
in the modeling of the charge transport.

In paper VII the knowledge of the energy levels in the dye-sensitized solar cell
and the findings regarding the energy position of the Ti 3d state from ion
insertion experiment is combined. This provides a probable position of the
traps.
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Chapter 4

Ion Insertion and Intercalation
Insertion and intercalation are two phenomena of similar nature, but with
distinct differences. In both cases, ions are incorporated into the lattice.
Intercalated ions are found between sheets of the host material, whereas the
inserted ions are found in voids of the crystal lattice or as an exchanged atom
in the structure. In this thesis the discussion will focus on interstitial insertion
into TiO2, (anatase), and tungsten oxides. Intercalation of Li ions between
graphite sheets is encountered when the solid electrolyte interphase (SEI) [13]
on graphite is examined. The insertion/intercalation of ions requires electrons
to maintain charge neutrality. In this way, charges are stored in the material
and they are thus useful in e.g. batteries where the graphite can act as anode
and the metal oxide can act as either cathode or anode.

4.1 Ion insertion

The insertion of ions into metal oxides can be described as

MO + xI+ + xe- IxMO 4.1
were MO is the metal oxide host, I is the inserted ion and e- designates the
charge compensating electron.

4.1.1 TiO2

The insertion of positive ions, usually Li+, into TiO2 has been studied from a
number of perspectives and with various methods such as neutron diffraction
[35] X-ray diffraction [31,56] electrochemistry [24], [57-59] and
spectroelectrochemistry [60], whereas the insertion of larger ions is much less
studied [60,61]. In paper VI we have studied the changes in the electronic
structure due to insertion of Li+ and Na+ into TiO2. H+ can also be inserted into
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TiO2 manifested by a characteristic blue color. However, this process was not
possible to study with PES, since the blue color disappeared in a vacuum
environment and the characteristic features of ion inserted TiO2 were thus not
observed in the PES spectra. A likely explanation is that H2 is formed in the
TiO2 and subsequently pumped from the sample.

The structure of TiO2 changes by the insertion of Li ions from the tetragonal
anatase (I41/amd) to orthorhombic (Imma) Li0.5TiO2 [31,39]. Neutron
diffraction experiments also show that Li+ is located in highly distorted
octahedral sites [35].

Cyclic voltammetry was used as a characterization tool and also to remove
traces of water from the surface of the sample [24]. Typical CVs are shown in
Figure. 4.1. Insertions were performed ampereometrically. To regulate the
number of ions inserted, the potential was turned off when the charge which
had passed through the system exceeded a pre-set value.

The maximum amount of Li+ that can be electrochemically inserted into and
fully extracted from anatase TiO2 is around 0.5 Li/TiO2 [30,31]. Values up to
one have been reported [62]. Bonino et.al. report that the optimal cycling
behavior is found in the regime between 0.15 and 0.45 Li/TiO2 mole ratio
[30]. In this thesis the largest value obtained with good reversibility was 0.56,
cf. Figure 4.2.

Insertion of Li ions was normally performed at –1.2 V. At this potential the
insertion is efficient, while at the same time the formation of byproducts at the
surface is limited. This promotes PES data of good quality. Insertion at –1.6 V
for at least 30 minutes generated films having a Li/TiO2 mole fraction close to
0.5 and were thus regarded as fully inserted. Potentials below approximately
-1.8 V vs. Ag/AgCl destroys the samples, possibly due to insertion of Li+ into
the conducting layer.

The maximum inserted amount of Na+ is not as well established. The potential
used for insertion can, however, be lowered significantly without destruction
of the conducting substrate. The insertions in paper VI were performed at
-2.25 V vs. Ag/AgCl and the resulting amount of Na+ in the TiO2 was found to
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be 0.24. Insertion of larger ions such as K+ and Cs+ was also attempted.
Insertion of K+ was observed whereas Cs+ showed a similar response to the
potential step as the very large tetrabutylammonium ions. These ions are too
large to be inserted and the similar response found for Cs+, both
electrochemically and using PES, indicates that also Cs+ is too large to enter
into the TiO2 structure.

Figure 4.1. Three-electrode cyclic voltammetry of TiO2 in 0.5 M LiCF3SO4 in
propylene carbonate.

A efficient way to control the inserted amount of ions into the host material is
to prepare the sample galvanostatically. Using this method for Li insertion,
PES measurements showed very small amounts of inserted ions in the
outermost layer even for a fully inserted sample. Thus, the insertion was not
homogeneous. The galvanostatic insertion of Li ions into TiO2 measurement
shown in Figure 4.2 was similar to that published by Zachau-Christiansen
et.al.[31]. The wide horizontal part at -1.05 V vs. Ag/AgCl shows a two-phase
system where the Li ions tend to form both Li rich and Li poor regions
[30,31].
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Figure 4.2. Galvanostatic insertion of Li ions into TiO2 in 0.5 M LiCF3SO3 in
propylene carbonate.

4.1.2 WO3

We have examined the electronic structure of monoclinic WO3 by means of
PES and the changes of the electronic structure induced by the insertion of H+.
Figure 4.3 show a typical CV of the WO3 film and the PES spectra recorded
on electrodes prepared at –0.1 V and –0.4 V. Interestingly, at –0.1 V, just
below the first insertion peak, the W4+ contribution is very weak and it grows
significantly when inserting at –0.4 V. This shows that the reduction of W6+ to
W5+ is related to the first peak while further reduction to W4+ takes place at the
second reduction peak.
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Figure 4.3. The left panel show a typical CV of H+ insertion in WO3, and the
right panel show PES spectra of WO3 and H+ inserted at –0.1 V and –0.4 V,
indicated with arrows in the left panel.

4.1.3 Silicotungstic acid and phosphotungstic acid
In paper IX we show that it is possible to modify the nanoporous TiO2 surface
with PWA and that electrons can be transferred between the two components.
The PWA is electrochemically active at potentials considerably higher than
the TiO2. A first attempt to study if a thin film built from polyoxometalates
preserves some of the properties of the building blocks is presented in paper
X. Using SiWA it was possible to prepare a film with a structure open enough
to insert potassium ions and the electronic structure of this film was studied.
The insertions were typically performed at –0.4 V. The SiWA powder and the
SiWA films were examined with x-ray diffraction and the structures are
significantly different, as can be seen in Figure 4.4.
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Figure 4.4. XRD of Silicotungstic acid powder (solid) and silicotungstic acid
film (dots). Peaks marked with vertical lines in the film originate from the tin
oxide substrate.

4.2 Ion intercalation

The insertion of positive ions, I, into graphite, C, can be described in a manner
analogous to Eq. 4.1:

C + xI+ + xe- Ix C 4.2
As mentioned, the major difference between ion insertion and ion intercalation
is that the ions which are inserted into the graphite structure are localized
between the graphite sheets.

4.2.1 Graphite
Li ion batteries containing a graphite anode have been extensively
studied[1,13,63-66]. Upon intercalation of ions into graphite in organic
solvents a solid electrolyte interphase, SEI, layer is formed on the electrode
surface. This layer consumes some of the Li ions in the battery, hence
decreasing its capacity. The task to minimize the formation of the SEI is
assisted by a detailed understanding of the formation of the layer. Thus, our
investigation focused on the surface species formed on the graphite surface.
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Chapter 5

Li and Na modifications of TiO2

5.1 TiO2 with electrochemically inserted Li+ and Na+ and Li
deposited onto TiO2 studied with PES

5.1.1 Electrochemical insertion of Li ions into nanoporous TiO2

Insertion of Li ions into anatase TiO2 changes the Ti 2p photoemission
spectrum significantly. The two original peaks, the Ti 2p3/2 peak at ionization
energy 463.3 eV and the Ti 2p1/2 peak at 469 eV, splits into four peaks. The
new peaks are the result of the charge compensating electron residing on a Ti
atom close to the Li ion. The Ti4+ atom is reduced to Ti3+ [67]which gives rise
to a peak shifted ~ 2.1 eV towards lower binding energy. The relative intensity
of the Ti3+ peak increases with the inserted amount of Li ions cf. Figure 5.1.
The fraction of Li per Ti, x in Eq. 4.1, can be calculated from the inserted
charge (electrochemically) and from the relative intensity of Ti3+ (using PES).
The results from the two experimental methods are in good agreement (see
Table 5.1). The basis in the amperometric measurement is that the whole
volume of the film is active. In the PES measurement however, only the
outermost layers are probed. The good correlation between the values from the
different methods shows that the insertion is homogeneous from the surface
and throughout the film.
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Figure 5.1. Ti 2p PES spectra obtained for: A. blank (x=0), B. x=0.11, C.
x=0.24, D. fully intercalated (x 0.5) samples. A photon energy of 758 eV was
used (x values from electrochemical measurements). Zero on the energy scale
is at the vacuum level.

Table 5.1. Column one: Electrochemically determined x-values. Column two:
Fractional XPS intensity for the Ti3+ peak as obtained from peak fits.

sample x-value from el-chem. Fractional XPS
A. - -
B. 0.11 0.12
C. 0.24 0.23
D. ~0.5 0.45

The inserted electron gives rise to a Ti 3d state at an ionization energy of
4.7 eV in the bandgap region. This state at 1 eV from the Fermi level grows as
expected with the inserted charge cf. Figure 5.2. This state has been observed
for many systems containing reduced Ti atoms and the position seems to be
independent of creation method, e.g. sputtering and metal deposition [36,68-
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70]. The position of the conduction band edge, CBE, at 3.73 eV vs. the
vacuum level and the valence band edge, VBE, at 6.93 eV vs. the vacuum
level of TiO2 are indicated with lines in Figure 5.2. The band gap region
always shows some intensity due to oxygen vacancies [36] and the Fermi level
can thus be regarded to be located at the CBE.

Figure 5.2. PES spectra of the outermost valence band region for: A. blank
(x=0), B. x=0.11, C. x=0.24, D. fully intercalated (x  0.5) TiO2. The spectra
are intensity normalized vs. Ti 3p. Photon energy of 150 eV was used. Energy
scale zero is at the vacuum level.

As mentioned in section 3.4, the insertion of Li ions into TiO2 can serve as a
model system for a possible charge transport path in the dye-sensitized solar
cell. In this context the interplay between TiO2, dye and electrolyte is a central
issue. During the electron injection process a Li ion from the electrolyte
screens the electron and the electron-ion pair forms a surface state in the TiO2,
1 eV below the CBE. This state functions as a trap for the electron. During the
movement of the electron, Li ions and other polar molecules in the electrolyte
will screen the electron and the trap will effectively move, a dynamical trap is
formed. The insertion of Li ions into TiO2 thus provides a model system
describing a transport pathway for electrons through the material in such
dynamical traps. Figure 5.3. shows the position of the Li ion induced trap
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states in relation to the VBE and CBE of TiO2 and the HOMO level of the
dye.

Figure 5.3. The bandgap region a as-prepared anatase TiO2 film (solid line),
Li ion inserted TiO2 (boxes), TiO2 sensitized with Ru(dcbpy)2(NCS)2 (crosses)
and the absorption spectrum of this dye (doted line). The absorption spectra
was positioned by placing the absorption maximum of the dye at 535 nm
corresponding to 2.32 eV above the maximum of the HOMO peak. The spectra
are aligned via the Ti 3p level, calibrated with respect to the vacuum level of
the as-prepared TiO2 film.

5.1.2 Li deposition on a TiO2 film prepared in UHV
TiO2 films were grown in situ under UHV conditions on a Si(111) substrate
and consist of a ~ 30 nm thick amorphous interface layer and a ~ 45 nm thick
anatase TiO2 film [71]. Figure 5.4 shows a STM micrograph of the TiO2 film.
The grains building up the film have a radius of 10 nm similar to the
crystallites in the nanoporous TiO2 film used in the electrochemical
experiments in this thesis. The similarity in morphology between the
nanoporous and the UHV grown films suggests that the UHV grown film may
serve as a model system for the nanoporous system.
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Figure 5.4. UHV-STM micrograph of a TiO2 film grown under UHV
conditions. The grain size is 10 nm comparable with the radius of the
crystallites in the nanoporous TiO2 film. Image 200 nm*200 nm; sample bias
2.6 V, I=0.11 nA.

Deposition of Li results in the formation of Ti3+ states similar to the
electrochemically induced states. Li diffuses into the TiO2 lattice until they
reach the underlying amorphous layer and with further deposition the TiO2

film is filled with Li until Li0.4TiO2 is formed. From this point on, Li starts to
agglomerate and Ti2+ is formed on the surface.
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During the Li deposition, the Li 1s signal and the Ti 3d signal at 1 eV below
the Fermi level increases as expected. Furthermore, two Li 1s components are
observed. At low coverages the spectrum is dominated by a peak at 56.5 eV
and at larger coverages a peak shifted 1 eV towards lower binding energy is
the dominating component. The second component appears at x=0.07 and the
two peaks coexist in the x regime of 0.07-0.4, cf. Figure 5.5. The peaks are
associated with two different phases, the low BE peak originating from a
phase where x 0.07 and the high BE component from regions where x=0.4.

Figure 5.5. PES spectra of Li 1s on TiO2 prepared under UHV conditions
after different Li exposures. X corresponds to the relative intensity of Ti3+ 2p
to the total Ti 2p intensity as measured with PES. The photon energy was
130 eV.

The Li insertion process in UHV is very similar to the electrochemical
insertion process, where the galvanostatic curve (cf. Figure 4.2) suggests that
there is a two-phase regime for 0.05 x 0.40.

In summary, we have detected the Li poor and the Li rich phases formed
during Li deposition on a thin anatase TiO2 film and found good correlation
between the system formed electrochemically and the system formed under
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UHV. The effects of the electrolyte in electrochemical measurements can not
of course be taken into account in the UHV experiments, but the formation of
a two-phase structure seems to be similar. This approach thus appears
promising also in modeling the electrochemical behavior of other ion inserting
systems.

5.1.3 Electrochemical insertion of Na ions into nanoporous TiO2

The insertion of the larger Na ion into TiO2 is studied in paper VI. It is also in
this case possible to correlate the inserted amount of Na ions from
electrochemistry to the relative intensity of the Ti3+ component in the Ti 2p
spectrum. When the same amount of Li ions and Na ions are inserted different
shifts are found between the Ti4+ and Ti3+ signals of the Ti 2p components. In
the Na ion inserted case, the FWHM of the Ti3+ 2p state is larger and the shift
is smaller by 0.2 eV than for the Li case. Possibly the origin of both effects is
the size of the ions, where the larger Na disturbs the TiO2 lattice slightly more
than the Li ion.

5.2 TiO2 with electrochemically inserted Li+ or Na+ studied
with NEXAFS and CIS

5.2.1 NEXAFS measurements
NEXAFS measurements can be used as a tool to determine the crystal
structures of different TiO2 polymorphs. The spectral shape of the Ti L3 eg

component, characteristic for anatase TiO2, has a doublet structure [37,38]
(cf. Figure 5.6) appearing between 459 eV and 461 eV. When ions are inserted
into the material, the NEXAFS spectrum changes with the amount of inserted
ions. For large x-values the spectrum shows little resemblance with the
original TiO2 spectrum. The L3 t2g at 458 eV is however still discernible. The
origin of this change of the spectral shape originates from at least two
mechanisms, viz. the spectral part associated with Ti3+ atoms, having a shape
different from that of the Ti4+ atoms, and changes in the local geometry around
the Ti4+ atoms.
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Figure 5.6. NEXAFS over the Ti 2p absorption edge of nanoporous TiO2
(bottom), TiO2 built in situ under UHV conditions (middle) and Li0.5TiO2 (top).

5.2.2 CIS measurements
The CIS measurement maps the x-ray absorption spectrum of Ti3+ as
described in section 2.4. The shape of the CIS spectrum of Ti3+ shows the
same major peaks when Li ions and Na ions are inserted, cf. Figure 5.7. The
peaks between 456 eV to 458 eV are more pronounced when Na ions are
inserted. Moreover, the Na+ inserted spectrum is shifted 0.5 eV to lower
photon energies. Both differences are possibly effects due a different
distortion of the lattice when inserting the larger Na ion. The shape of the Li+

inserted CIS spectrum is identical for x=0.24 and for the fully inserted (x 0.5)
sample, indicating that the local structure around Ti3+ is independent of the
inserted amount of Li ions. This corroborates the earlier conclusion that the
newly formed material is phase separated in a Li rich and a Li poor region.

 The spectral shape is excellently reproduced by the calculations reported in
paper IV. Here, a full potential calculation and a time dependent model for the
x-ray absorption process were used. The model spectrum consists of a linear
combination of the initial state and the final state, where the final state is
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relaxed due to the core hole. The experimental spectral shape is also well
reproduced by the shape calculated for of Ti3+ in octahedral symmetry by
Matsubara et.al [72].

Figure 5.7. CIS spectra of the Ti 3d peak in the band gap measured over the
Ti 2p absorption edge for Li0.24TiO2 (solid line) and Na0.13TiO2 (dashed line).

5.2.3 Subtraction of CIS from NEXAFS
It is possible to extract the Ti4+ contributions by subtracting the CIS (Ti3+

contribution) measurement from the total NEXAFS spectrum (Ti4+ and Ti3+

contributions), cf. Figure 5.8. The subtraction was performed using the same
relative intensity between the NEXAFS spectrum of the ion inserted sample
and the CIS measurement as the obtained for the Ti4+ and Ti3+ in the Ti 2p
PES spectrum. The resulting difference spectrum shows a Ti4+ contribution
similar to the TiO2 NEXAFS, but with a difference in the structure sensitive
L3 eg peak around 460 eV.

This effect on the spectral shape can be interpreted as a result of a change in
crystal structure from the tetragonal anatase to the less symmetric
orthorhombic Li0.5TiO2. The structure of the Na+ inserted sample is at present
unknown may, based on the result from Figure 5.8, be assumed to be the same
as the for Li+ inserted samples.
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Figure 5.8. The resulting difference spectra from the subtraction of the CIS
spectrum from the NEXAFS spectrum showing the Ti4+ contribution to the
NEXAFS of Na+ inserted and Li+ inserted TiO2 top and middle respectively.
The bottom spectrum shows NEXAFS of pristine TiO2 as comparison.

5.3 Li+ electrochemically inserted into TiO2 studied with
RIXS

The insertion of a lithium ion and an accompanying electron in the d-band (d1)
leads to several low energy-loss features (due to inelastic scattering of the
incident x-rays) in the band gap of TiO2, which are not present in the non-
inserted material. These energy-loss features extend several eV below the
elastic peak (cf Figure 5.9) and are assigned to d-d excitations [73]. They
correspond to electron-hole pairs within or between the valence and
conduction bands. In the spectrum marked (a) in figure 5.9, an asymmetry in
the elastic peak is observed and at the next excitation energy (b) this develops
into a shoulder/peak (marked +). These low-energy excitations at ~1.1 eV
correspond to electron-hole pairs within the t2g band.
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When the excitation energy lies between the L3 t2g and eg peaks in the
absorption spectrum (d), there is an enhancement of the inelastic part
marked *. This is neither observed at the t2g- (c) nor at the eg -absorption (e)
resonance. This could easily be understood by considering the Ti3+

contribution to the absorption spectrum. At this particular energy (d) an
enhancement of the Ti3+ contribution is observed, whereas there is a dip in the
Ti4+ spectrum between t2g and eg. As the insertion concentration increases, this
energy loss feature gets more intense.

Figure 5.9. Top panel, Ti 2p XAS spectrum and CIS spectrum, bottom panel
Ti L-emission spectra of nanoporous Li0.2TiO2 exited at the photon energies
indicated in the XAS spectrum. The peak at 0 eV is the elastic peak.
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Chapter 6

Ions electrochemically inserted into tungsten
oxides

6.1 PES of electrochemically inserted H+ into WO3

The core level PES of W4f shows an interesting behavior in several respects
when H+ is electrochemically inserted into WO3, cf. Figure 6.1. The left panel
shows the W 4f peaks after H+ insertion at –0.1 V. The photon energy
dependence is also shown and the W5+ signal increases with increasing photon
energy. This can be interpreted as a phase separation where the H+ rich phase
is located further away from the surface than the H+ poor phase. The shift of
the dominating peak is most likely a consequence of the increasing amount of
W5+. The increase of the W 4f5/2 component of W5+ has a spectral overlap with
the W6+ 4 f7/2 component. Most of the overlap is located on the high binding
energy side of the W6+ 4 f7/2 side, which yields an apparent shift in peak
position.

The right panel of Figure 6.1. shows the W 4f peaks after H+ insertion at –
0.4 V. Noticeable is that the peaks due to W5+ and W4+ shifts to lower binding
energies when a larger amount of H+ is inserted. A likely explanation is again
that the H+ inserted material exhibits different phases due to the inserted
amount of H+, probably in combination with final state effects. Tungsten oxide
is known to transform from an insulator to a conductor at a H/WO3 molar ratio
close to 0.3. Such a transformation changes the peak profile to a profile
associated with a metal, and hence the efficiency of screening of the core hole
by the conduction band electrons.
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Figure 6.1. Electrochemically inserted H+ into WO3 measured at different
photon energies and different preparation potentials. The insertions were
performed at –0.1 V (left panel) and at –0.4 V (right panel). The different
photon energies used were 150 eV (solid line), 454 eV (dashed line) and 758
eV (solid-dashed line).

6.2 PES of alkali ions electrochemically inserted into SiWA

The novel type of film prepared in paper X shows some very interesting
properties. The CV for both materials show two insertion peaks (cf.
Figure 6.2.; one at about -0.1 V and one at -0.3 V. Also for the extraction two
peaks are measured; one at  -0.15 V and one at 0 V. The structured
voltammogram is clearly very different from those obtained for amorphous
films WO3 [12]. The similarity of the voltammogram of SiWA to that of a
polycrystalline monoclinic WO3 film signifies a film of high crystallinity
while at the same time indicating similarities in the electrochemical
mechanism for H+ insertion into SiWA and polycrystalline WO3.
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Figure 6.2. CV of H+ insertion into SiWA (solid line) and WO3 (dashed line)
recorded at a sweep rate of 1 mV/s.

The insertion of larger ions than H+, however, shows a more structured CV.
For example, the voltammogram for Li+ insertion into the SiWA film (c.f.
Figure 3 in paper X) is highly structured. The mechanism for Li insertion must
therefore be different from that of H+ and may involve phase transitions [12].
The films showed electrochromic behaviour and the electrochemical insertion
and extraction of ions resulted in a colour change between non-transparent and
transparent independent of insertion of H, Li, Na or K ions.

This possibility to insert larger ions into the structure may make this type of
film interesting for applications where tungsten bronzes are used such as e.g.
for smart windows. Figure 6.3. shows W 4f PES measurements for SiWA
after insertion of different sized alkali ions.
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Figure 6.3. The formation of lower oxidation states of W 4f in SiWA due to ion
insertion. The excitation energy was 150 eV (left panel) and 454 eV (right
panel).

The insertion of H+ and Li+ transforms some of the W6+ sites to W5+ and W4+.
The shifts of the W5+ and W4+ components will respect to the W6+ component
are larger in the spectrum of the Na+ inserted sample compared with the other
samples. Such a difference was also observed when inserting H+ into WO3

(section 6.1), suggesting that the same mechanisms are responsible for the
effects. The K+ inserted sample has a contribution from K 3s at the same
position as W7/2

4+. This contribution is smaller in the 454 eV spectrum because
of the variation in relative cross sections between W 4f and K 3s. However,
the the K 3s peak may still contribute to the intensity, thus preventing a firm
conclusion of the formation of a W4+ state during the experiment.
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6.3 The redox properties of TiO2 modified with PWA

In paper IX the redox properties of TiO2 modified with PWA are examined.
The CV experiments reveal that in the potential interval +0.7 V to –1 V the
currents from TiO2 are small compared to the PWA treated electrode (cf
Figure 2 in paper IX). A modification of the PES equipment allowed
electrochemical preparations inside the preparation chamber [74] and the
Ti 2p and W 4f states were studied by means of PES using Al K  radiation as
excitation source (cf Figures 6 and 7 in paper IX).

Ti 2p spectra recorded for samples electrochemically modified at potentials
down to –0.9 V are virtually unperturbed. However, decreasing the potential
further to –1.3 V allows insertion of Li ions into TiO2 forming Ti3+. The
spectrum of W 4f changes when PWA is deposited on the TiO2. This is due to
the overlap between the Ti 3p and the W 4f peaks. Already at potentials of –
0.7 V and –0.9 V a gradual change of W4f due to the electrochemical
reduction from the original W6+ state are observed. Thus, the relative insertion
of Li+ into the two materials can be controlled electrochemically.
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Chapter 7

SEI on graphite
In paper XI the composition of the solid electrolyte interphase, SEI, layer
formed on a graphite surface is examined. The SEI layer was shown to include
solvent reduction products (ROCO2Li), polymeric species (hydrocarbons and
possibly polyethylene oxide) and LiBF4 reduction or decomposition products
(LiF and LixBOyFz). These results are in line with previous results obtained for
carbon electrodes cycled in this electrolyte [64,65,75]. The depth profile of the
SEI layer was examined by sputtering of the film combined with PES. The
results based on the peak assignments and the sputtering calibration are
summarized in Figure 7.1, where the relative concentrations of the major
surface species are given as a function of sputtering time. The data show a fast
exponential decay of the carbonate (solvent reduction products) signal, where
half of the initial intensity before leveling out is reached after ca. 30 s. This
corresponds to a thickness less of than 20 Å, according to the sputtering rate
determined for Li2CO3. The signal from the polymeric phase is fairly constant
for about 35 min, and then levels out quickly. This shows that the organic
polymers are distributed within a thicker layer (up to 900 Å). The LiF content
shows a maximum of ca. 70%, and then decreases linearly. This is consistent
with an electrode surface containing LiF crystals up to 0.2 m. These results
clearly support the notion that the SEI layer has a highly irregular
morphology.
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Figure 7.1. Sputtering analysis of a graphite electrode after 2 cycles in
EC/DMC, 1 M LiBF4. The molar fractions of the major surface components
are plotted as function of sputtering time. The lower panel is an enlargement
of the upper.

The PES measurements showed peak intensity variations in the photon energy
range of 454 eV to 1486.7 eV, indicating a microstructural ordering within the
outermost surface layers. In particular the near disappearance of the graphite
C1s peak at BE 284.5 eV at a photon energy of 454 eV (cf. Figure 7.2) shows
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that the SEI layer completely covers the graphite surface. The thickness of the
SEI layer was determined from the mean free paths of the photoelectrons. A
thinnest SEI layer of 15-20 Å was thus obtained.

Figure 7.2. PES measurement of C 1s of a graphite electrode after 2 cycles in
EC/DMC, 1 M LiBF4.
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