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Zusammenfassung

Lithium-Batterien und Superkondensatoren, die beide auf electrochemischen Prozessen beruhen,
sind unverzichtbare Komponenten in der heutigen mobilen und auf standige
Informationsverarbeitung angewiesenen Gesellschaft. Das grundlegende Konzept solcher
Energiespeichertechnologien  ist  die  Massenspeichung.  In  typischen  Batterie-
Interkalationselektroden wird die Kapazitat durch den Einbau in das VVolumen der elektroaktiven
Partikel bestimmt. Dieser Prozess ist vergleichsweise gut untersucht und verstanden. Im Gegensatz
dazu sind die Elektrodenprozesse von Superkondensatoren von der Speicherung an Grenzflachen
dominiert, die experimentell auch intensiv bearbeitet werde. Die Bedeutung der Chemie der
Ladungstrager (Defektchemie) ist jedoch insbesondere fiir die Grenzflachenspeicherung nicht
hinreichend anerkannt. Daher werden Speicherung durch Volumeneinbau und Speicherung in
Superkondensatoren meist als unabhdngige Phdnomene betrachtet, was diese beiden wichtigen

Gebiete unndétigerweise getrennt erscheinen l&sst.

Das Hauptthema der vorliegenden Arbeit ist daher die Vereinigung von Batterie- und
Superkondensatorkonzepten mit Hilfe von TiO2-Dunnfilmen als Musterbeispiel. Unser
quantitatives Konzept der "job-sharing"-Speicherung wird dann zu einem Bild verallgemeinert,
das Speicherung im Volumen wie auch in Raumladungszonen umfasst (Interkalationselektroden

und Superkondensatoren).

Der erste Teil der Arbeit gibt einen Uberblick (iber die klassische Raumladungstheorie und
erweitert sie durch eine Diskretisierung der Raumladungszonen. Dies ist ein sinnvoller Ansatz, um
grolRe Raumladungspotentiale wie auch Nichtidealititen in realistischen Festkdrpersystemen wie
den hier betrachteten Batteriesystemen zu behandeln. Ein Kontinuumsansatz ist nicht nur

beziglich interner Konsistenz fragwirdig, sondern auch wenn nahe der Grenzflache sehr steile



Profile auftreten und analytische Korrekturen wenig hilfreich sind. In diesen Zusammenhang
werden Raumladungsphanomene mittels Diskretisierung anstelle des analytischen Poisson-
Boltzmann-Ansatzes untersucht. Die Kombination diskretisierter Modellierung mit eine
Kontinuumsbeschreibung ergibt eine besonders leistungsfahige Methode, mit der Nichtidealitaten
in den ersten Lagen (Variation der Struktur oder Dielektrizitatskonstante, elastische Effekte,
Sattigungseffekte) direkt behandelt werden kdnnen. Zahlreiche praktisch relevante Beispiele von
Funktionskeramiken werden diskutiert. Damit wird eine praziesere Definition und Abgrenzung

von Elektroden- und Doppelschichtkapazitét erzielt.

Der zweite Teil stellt den Hauptteil dar der Arbeit. Er befasst sich mit der Vereinigung von
Volumen- und Grenzflachenspeicherung durch detaillierte Untersuchung des Lithiumeinbaus in
Titandioxidfilme verschiedener Dicke auf unterschiedlichen Substraten. Dies ergibt ein
umfassendes Bild der Ladungstragerkonzentration als Funktion von Ortskoordinate, Zellspannung
und Art des Substrats.

Zuerst wird die Herstellung und Charakterisierung der Materialien behandelt (TiO2-Dunnfilme).
TiO2-Dunnfilme werden auf elektronen-akzeptierenden Substraten (Nb-dotierte SrTiOs (N-ST),
undotiertes SrTiOs (ST), Fe-dotiertes SrTiOsz (F-ST), Ruthenium) mit drei Methoden abgeschieden:
atomic layer deposition (ALD), gepulste Laserdeposition (PLD), Molekularstrahlepitaxie (MBE).
Die Filme werden mit Réntgenbeugung (XRD), Transmissionselektronenmikroskopie (TEM),
Elektronenenergieverlustspektroskopie ~ (EELS),  Atomkraftmikroskopie  (AFM)  und
Rontgenphotoelektronenspektroskopie (XPS) untersucht. Dies zeigt dass die abgeschiedenen
TiO2-Filme eine hohe Qualitat und eine wohldefinierte Grenzflache aufweisen. Die Filmdicke,
einer der Schlisselparameter, wird durch verschiedene Methoden (Rontgen-Reflektivitat, TEM,

Stiftprofilometrie) genau bestimmt.

Danach werden die Messungen der Batterie-Speicherkapazitat der TiO2-Dunnfilme durchgefunhrt.
Sie werden durch Messungen des Wechselstromwiderstands und Gleichstommessungen mit DC-
bias erganzt, die Grenzflachenwiderstand und Grenzflachenkapazitat liefern. Zusammen mit
aberrationskorrigierter scanning-Transmissionselektronenspektroskopie (STEM) und
Elektronenenergieverlustspektroskopie (EELS) werden somit unabhdngige Informationen der

Elektronen- und Lithiumverteilung erhalten.



Damit werden nicht nur Volumen- und Grenzflachenspeicherung prézise separiert, sondern sie
kdnnen auch auf ein gemeinsames thermodynamische Konzept zurtickgefihrt werden. In der Tat
kann das gesamte Profil einschlieBlich Volumen- und Grenzflacheneffekte durch
Berlcksichtigung nur weniger Materialparameter abgeleitet werden: die (freie) Energie der
elektronischen Ladungstréger in TiO2 und im Substrat wie auch die (freie) Bildungsenergie der
Lithiumionen in TiO2. Die Vereinigung der Konzepte von Interkalationselektrode und
Superkondensator ergibt ein besseres Verstdndnis von elektrochemischen Energiespeichern, und
mindert den Konflikt zwischen Energie- und Leistungsdichte, was insbesondere fur nanoionische

Systeme wichtig ist.



Abstract

Lithium intercalation batteries and supercapacitors are two indispensable components in nowadays’
mobile, information-abundant society, which rely on electrochemical processes. The core concept
of such energy storage technologies is mass storage. In typical insertion electrodes for batteries,
the capacity is determined by bulk storage within the electroactive particles, which is
comparatively well investigated and understood. In contrast, supercapacitor electrodes are
dominated by interfacial storage at interfaces, which is well addressed experimentally. However,
the charge carrier chemistry (defect chemistry) especially in the latter case is not fully
acknowledged. Consequently, the intercalation storage and supercapacitive storage are usually
considered as independent phenomena and the two important fields appear to be unnecessarily
separated.

Therefore, the core of the present thesis is unifying battery and supercapacitor concepts using TiO2
thin films as master example. Following and extending our quantitative concept of job-sharing
storage, a generalized picture that includes bulk and space charge storage (intercalation electrode

and supercapacitor storage) is developed.

The first part of the thesis reviews the classic space charge theory and extends it in terms of discrete
modeling of space charge zones in solids, which is a sensible approach for handling pronounced
space charge potentials as well as non-idealities in realistic solid state systems such as the battery
system under concern in this thesis. In addition to issues of internal consistency, the continuum
approach is questionable if extremely steep profiles close to the interface occur, and analytical
corrections are not very helpful. In this context, the space charge behavior is studied in a discretized
manner rather than by using the analytical Poisson-Boltzmann function. Combining discrete

modeling with the continuum description provides a particularly powerful method, with the help



of which non-idealities in the first layers (variation in structure, elastic effects, saturation effects,
changes in dielectric constant) are directly addressed. Various examples of practical value for
functional ceramics are discussed. In this way a more precise definition and demarcation of

electrode and double layer capacity is achieved.

The second part of the thesis, which is in fact the core part, investigates the unification of bulk
storage and interfacial storage by carefully investigating the storage of lithium in titania films on
various substrates as a function of thickness. The full picture in terms of charge carrier
concentrations as function of spatial coordinate with cell voltage and substrate conditions as

parameters is obtained.

First, materials (TiOz2 thin films) preparation and characterization are addressed. TiOz2 thin films
on various electron-accepting substrates (Nb doped SrTiOs (N-ST), undoped SrTiOs (ST), Fe
doped SrTiOs (F-ST), Ruthenium) were deposited utilizing three methods: atomic layer deposition
(ALD), pulsed laser deposition (PLD) and molecular beam epitaxy (MBE). The substrates and the
deposited films were characterized by x-ray diffraction (XRD), transmission electron microscopy
(TEM), electron energy loss spectroscopy (EELS), atomic force microscopy (AFM) and X-ray
photoelectron spectroscopy (XPS), which show that the grown TiO2 films are of good quality with
sharp interface. Film thickness (one of the key parameters) was determined precisely using various
techniques (x-ray reflectivity, TEM, stylus profilometry).

Second, the battery storage capacity measurements of TiOz2 thin films are supplemented by bias
dependent impedance measurements, yielding interfacial resistance as well as interfacial
capacitance. Combining with aberration-corrected scanning transmission electron microscopy
(STEM) and electron energy loss spectroscopy (EELS) measurements, independent information

on electron and Li distribution is obtained.

As aresult, not only bulk and boundary storage contributions are precisely deconvoluted, but they
can be traced back to a common thermodynamic conception. In fact, the entire profile including
interfacial and bulk effects is derived by taking account of only a few bulk materials parameters:
the (free) energies of the electronic carriers in TiO2 and the substrate as well as the formation (free)
energy of the Li-ions in TiO2. Unifying intercalation electrode and supercapacitor concepts
provides a way of better understanding and mitigating the energy and power density conflict of
storage devices, which becomes particularly important for nanoionic systems.

\%






1. Introduction

1
Introduction

1.1 Intercalation and Space Charge Storage

The importance of energy storage is becoming more and more prominent in the context of dramatic
climate changes associated with high CO2 emission. Simultaneously, the search for clean and
efficient energy storage devices (e.g., lithium intercalation batteries and supercapacitors) has been
increasing in the last decades. The core concept of the related electrochemical processes in energy
storage devices is mass storage. Therefore, the understanding of mass storage is not only
fundamentally important for comprehending storage processes but also technologically of

relevance in guiding on developing powerful energy storage devices.

Lithium intercalation batteries are among the most significant technological advancements of
recent decades and are vital for nowadays’ energy household. They are particularly useful in
applications related to powering portable electronic devices (cellphones, laptops, computers etc.),
storing electricity from renewable sources (storage of wind/solar power), and as essential
component in new hybrid electric vehicles (1-3). In addition, they are also being considered for
grid-storage purposes due to their high capacities. The practical importance of these batteries was
recognized with the awarding of the 2019 Chemistry Nobel Prize for the invention of the rocking
chair battery, which uses Li-cobaltate and graphite as intercalation electrodes (4, 5). Despite all of
this, the charge carrier situation (point defect chemistry) of electrodes (the principles of defect-

chemistry for treating mixed conductors) remains inadequately addressed (6).

The typical insertion electrodes for batteries are both ionically and electronically conductive. lons
penetrate from the electrolyte side into electrode, electrons from the current collector side. lons

and electrons are incorporated into electrodes, which allows the entire volume of the storage
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electrode to be chemically capacitive (see Fig. 1.1). Most of the capacity is contributed by bulk
storage within electroactive particles, providing a high energy density, while the corresponding

power density is lowered owing to the necessary chemical diffusion process.

storage
(a) electrolyte electrode current collector
Li* . e’
(Li*e")
—

|
current collecting
(b) electrolyte . electrode

~

Lit S P e

Fig. 1.1 Sketch of (a) bulk storage (in a predominantly electronically conducting electrode) and (b)
supercapacitive storage (at electrolyte/current-collecting electrode interface). In the general case of a mixed
conductor, both processes occur simultaneously.

Fig. 1.2 shows the potential distributions (the electric (¢), chemical (x) and electrochemical
potentials (X)) of a Li-based battery for single-phase electrodes and electrolyte (simplified battery
cell) under open-circuit conditions, which also includes built-in space charge effects
(electrode/electrolyte interfaces). For the details about the principles of constructing the profiles

and the detailed discussions, one could refer to Refs. (7, 8).
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current current
collector electrode electrolyte electrode  collector

Hii

Hyii*

. Hyit

Fig. 1.2 Sketch of the chemical, electric, and electrochemical potentials in a simplified battery cell under
open-circuit conditions, including built-in space charge effects. Electrolyte and electrodes are
thermodynamically compatible. According to Ref. (8).

When discussing mechanisms of mass storage in solids (e.g., typical battery electrode), there are
three storage modes in solids that need to be distinguished (Fig. 1.3, see Ref. (6)). The first mode
is single phase storage (e.g., Li storage in TiSz or LiC00Oz), which is based on dissolution (as shown
in Fig. 1.3a). The bulk storage occurs through the occupation of interstitial or vacant sites (by
addition rather than by substitution), which is typically referred to as insertion (If these interstitial
sites are between defined layers, it is known as intercalation). The second mode of storage occurs
via phase transformations, comprising phase change reactions (such as FePOa4/LiFePOas) and
decomposition reactions (such as LiCoO2 decomposing to Co and Li2O on excessive lithiation,
which is also referred to as a proper conversion reaction), a distinction that is important from a
kinetic point of view. The third storage mode is referring to charge storage at higher-dimensional
defects (in particular at interfaces), which is possible even in the case of an ideal abrupt two-phase

contact (“job-sharing” mechanism, see section 1.2).
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(a) (b)
classic MOy | LIMOy,
single phase phase change
(c) (d)
Lits|+e
non-classic
decomposition interfacial

Fig. 1.3 The mass storage mechanisms. According to Ref. (6). The reason for distinguishing between (b)
and (c) is the fundamentally different kinetics.

In terms of supercapacitors (9), the charging is restricted to the interface and no bulk chemical
diffusion is required, leading to higher power densities but lower energy densities (10-17) (see Fig.
1.1), which is also well addressed experimentally by a different community. However, the
principles of defect chemistry have been inadequately incorporated in addition to the systematical
job-sharing storage study (see section 1.2). As a consequence of the lack of an adequate defect-
chemical and nanoionic picture, the two storage modes are considered to be independent

phenomena unnecessarily.

Supercapacitor electrodes are dominated by interfacial storage at interfaces. In its original form,
supercapacitors rely entirely on electrical polarization, resulting in the formation of two opposing
double layers at the two electrode-electrolyte interfaces. The electrode in this case serves solely as
an electronic conductor, while mass conservation within the electrolyte is maintained. In fact, there
exist variations of supercapacitive storage where a Faradaic electrode reaction takes place, in
which only interfaces are affected (18-23). Such pseudocapacitors may exhibit even higher

capacities.
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1.2 Thermodynamics of Mass Storage at Interfaces

The concept of interfacial effects in solid-state ionics can be traced back to the 1970s. Liang (24)
was the first to observe a conductivity increase in a Lil electrolyte when mixing it with some
amount of insulating particles of Al2Os3. The unusual conductivity behavior of such composite
electrolytes was later explained by Maier through the concept of space charge (25), which is
attributed to the local adsorption of Li* on the surface of Al20s3, leading to compensation by a high
concentration of lithium ion vacancies in the space charge regions at the Lil/Al20s interfaces. This
formed the starting point of a whole “z00” of experimental and theoretical “anomalies” which are
based on ionic redistribution phenomena at interfaces (26). In recent decades, the investigation of
interfacial phenomena in terms of transport, and more recently also in terms of storage (6) has

greatly advanced the progress of solid-state ionics.

If we consider the ensemble of electronically conducting and ionically conducting phases as a
composite electrode (6, 27), excess storage can then be viewed similarly to composite electrolytes
in terms of transport (28). Storage of lithium (Li* + €°) can occur in a job-sharing manner in a
composite electrode containing an electron conductor that cannot accommodate the Li-ions, and
an ion conductor that cannot host the electrons. In other words, transport and accommodation of
ions take place in one phase (ionic conductor), and that of electrons in the other phase (electronic
conductor). As evidenced by various examples including Li2O:Ru, LiF:Ni and RbAguls:C (29-33),
such storage can be substantial and rapid. Evidence was derived primarily from impedance
measurements and elucidation of activity dependence, and recently direct magnetometric evidence
was reported (34, 35). A charge-discharge curve fully covering the deficient and excess parts of
the storage can be measured for RbAguls:C. In fact, the job sharing mechanism provides a way to
construct an artificial mixed conductor electrode that has the potential to achieve both high energy
density and high power density (27) if the sizes involved are mesoscopic, which is analogously to
artificial electrolytes obtained in the nanoionic CaF2-BaF2 system (36). In addition, the predicted
finding that the Li.O-Ru composite can also synergistically store hydrogen (37) via such job-
sharing gives more obvious evidence. More importantly, this conception enables us to treat storage

thermodynamics and kinetics within the framework of point-defect chemistry.
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S
g
M
= e’
E Vr
: M \ X
Y
¥ a phase f phase
X, « - 00 : » X
lonic conductor semiconductor

Fig. 1.4 Schematic of interfacial storage at a weakly disordered ionic conductor / weakly disordered
semiconductor junction.

Let us consider an abrupt junction of two phases: phase a (weakly disordered ionic conductor with
metal ion interstitials M; and metal ion vacancies Vy, as charge carriers) and phase g (weakly
disordered semiconductor with electrons e’ and holes h™ as charge carriers) (Fig. 1.4). The point
defects are described using the Krdger-Vink notation where dots and dashes refer to relative
charges. For simplicity, only monovalent defects (M;, V, e’, h") are focused on and their respective

concentrations are denoted as c;, ¢, ¢,, and cy, respectively.
When Frenkel defects in phase « are considered, then
My +V, s M;+Vy (1.1)

where M,, and V; represents a cation occupying its regular site and a vacancy located at the
interstitial site, respectively. Then a mass action law applies with Frenkel constant K (for dilute

conditions)
KF = Ci(xa)cv(xa) (12)

On the other hand, we need to consider the equilibrium of electronic disorder in phase

(semiconductor with electrons and holes), then
Nil s e+ h (1.3)

Neglecting activity coefficients, an analogous mass action law is applied
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Kp = cn(xﬁ)ch(xﬁ) (1.4)

Regarding the actual interface, a simpler approximation would be to consider a region without
charge and a linear electrical potential change (cf. Refs. (38, 39)). Over the charge free zone an
electrochemical equilibrium comprising defects in both phases holds

M = Mj(x, = 0) +e'(xz = 0) (1.5)

The electrochemical equilibrium follows from the balance of the electrochemical potentials (i,,)

of each species m

v = fi; + fle (1.6)

Then a third mass action law is obtained if we still consider the dilute situation

GO _ (—F(qbam) - ¢>g<0))> an

ay RT

where a,, is the activity of species M, K,, mass action constant for M storage, and (¢, (0) —

$3(0)) = Ag, the electrical potential drop over the charge free contact zone.

Coupling with Poisson’s equation and global electroneutrality, the storage capacity Q as a

function of activity (voltage) can be predicted as

2

2
<Q + \/QZ + 8¢e,0RT KF) <Q + \/QZ + 8e3&RT KB) FsQ
@EERT (1.8)

M= 64Ky q65(oRT)?

where € is the mean relative permittivity of the two phases. For other types of contacts, different
power laws (storage capacity Q as a function of activity) can be derived in an analogous way (i.e.,
coupling Poisson’s equation and global electroneutrality with equilibrium of defect reactions). (For

more details, please see Refs. (7, 40)).

The essence of the present thesis aims at fully understanding bulk and boundary charge carrier
chemistry, which allows us to unify intercalation electrode and supercapacitor conceptions by

considering equilibrium storage as a function of position. In Chapter 2, the classic space charge
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theory is reviewed and its shortcomings are discussed. The extensions of space charge theory in
terms of discrete modeling of space charge zones in solids are addressed, which is a sensible
approach for handling pronounced space charge potentials as well as non-idealities in realistic
solid-state systems such as the battery system under concern in this thesis. Chapter 3 covers

experimental details of preparation and characterization of model material (TiO2 thin films).

The core part (unification of intercalation electrode and supercapacitor concepts) will be presented
in Chapter 4, where results from electrochemical measurements (electrochemical storage
measurements: thickness dependence, different storage degrees, substrate effects; electrochemical
impedance measurements) supplemented by independent electron microscope measurements
(STEM and EELS) are discussed and shown to lead to a common picture of bulk and boundary
effects and thus of intercalation and supercapacitive storage conceptions. The electrochemical and
thermodynamic analysis is fully corroborated by advanced electron microscopy, which maps
electron as well as ion distribution. The conclusion and perspective will be discussed in Chapter
5. Not only may the unification of two concepts be fundamentally important and the basis of a
synergistic bringing together different scientific communities, but also of synergistically
exploiting mutual advantages of intercalation electrodes and supercapacitors as regards power and

energy density.
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2

Space Charge Theory
2.1 Literature Background: Classic Space Charge Theory

Whenever interfaces in charge-carrier containing systems are involved, electroneutrality is broken
and individual charge carrier redistribution, be it electronic or be it ionic, occurs (at the cost of and

balanced by a back-driving electric field).

The investigation of space charge zones typically involves the use of the classic continuum model
known as the Gouy-Chapman model, which was originally developed for liquid electrochemistry.
The interface between a surface (e.g., metal surface) and liquid electrolyte (including counterions)
results in charge separation, which competes with thermal effects favouring a more uniform
distribution of ions. The accumulation of counterions near the electrode surface, along with the
depletion of co-ions (with an associated electric field), is known as the electric double layer (EDL)
(Fig. 2.1).
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¢
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Fig. 2.1 Classical mean-field description of the electrical double layer. Schematic description of the Gouy—
Chapman-Stern model. IHP stands for the inner Helmholtz plane, OHP for the outer Helmholtz plane. The
orange, light green and dark green spheres represent the cations, the anions and neutral species, respectively.

Fig. 2.2 summarizes the main timeline of space charge theory. The concept of classic EDL was
first introduced by Helmholtz in 1853 (41), who proposed a model to describe the distribution of
charges at the interface between a conductor and electrolyte solution as a parallel - plate capacitor
(with equal but opposite charges, Helmholtz layer). One plate corresponds to the conductor surface
with negative charge, while the other one corresponds to the plate containing all the positive charge,
between which the potential decreases linearly (41, 42). The Helmholtz model often provides a
reasonable estimate for the EDL, and, therefore, commonly serves as a useful rule of thumb in
practical application. In early twentieth century, Gouy and Chapman independently described the
inhomogeneous distributions of ionic species near an electrode surface in 1910 (43) and 1913 (44),
respectively, using the Poisson-Boltzmann (PB) theory (interplay of electrostatics and thermal
randomization), which leads to a potential that decays exponentially as one moves away from the
surface. Consequently, the charges are not restricted to a single layer, but instead spread out over

10
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a finite thickness, which is commonly referred to as the diffuse layer. This mean-field description
makes certain assumptions, including that (1) the surface is uniform laterally, and the distribution
of charges can be represented by their average position in the plane of the interface; (2) the charged
surface is sharp; (3) water behaves as a homogeneous dielectric medium; (4) ions are point charges
and interact solely through Coulombic forces; and (5) there are no interactions between ions. One
decade later, Debye and Hiickel proposed a linearized solution to the P-B distribution (45), which
is valid for small potentials. Despite its assumptions of low potentials, it can still well predict the
behavior of highly charged surfaces due to counterions condensing near the surface, effectively

reducing the surface charge.

Solid-state ionics

Gouy and Chapman developed a
model to explain the behavior of
moderately charged surfaces in
contact with electrolyte

solutions. The Poisson-Boltzmann
equation was utilized to describe the
distribution of ions at equilibrium,
which leads to a potential that decays
exponentially as one moves away
from the surface. (43, 44)

Liquid electrochemistry

Stern proposed a model that
combines the Helmholtz and
Gouy-Chapman models to
describe the electrical
double layer, which is now
divided into the Stern
(previously Helmholtz) and
diffuse layers. (46)

Grahame proposed that
some ions (losing their
hydration shell partially) or
uncharged species could
penetrate the Helmholtz
layer and specifically adsorb
to the surface, leading to
further separating the Stern
layer into inner Helmholtz
and outer Helmholtz layers.

(47)

The Stuttgart group developed
the field of nanoionics: Ionic
redistribution phenomena in

defect redistribution, explain a
whole “zoo™ of anomalies
regarding transport and storage in
solid-solid composites. (see text)
(25, 26)
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1923

1924 1928

1947 1970/1971

Helmholtz proposed
a model to describe
the distribution of
charges at the
interface between a
conductor and
electrolyte solution

Debye and Hiickel
used a linearized
solution of the P-B
distribution (valid for
small potentials) to
describe interionic
interactions. (45)

Rice considered the
electronic density of
a metallic surface
based on the
Sommerfeld theory
of free electrons. (48)

Lang and Kohn made a
big progress toward a
more accurate
description of the
electronic structure of
metal surfaces. (49, 50)

|
|
|
|
|
: solids which correspond to point
|
|
|
|
|

1985-

(as a parallel-plate
capacitor, Helmholtz
layer). (41, 42)

Fig. 2.2 Timeline of space charge theory in liquid electrochemistry and solid-state ionics.

One year later, Stern proposed a model that combines the Helmholtz and Gouy-Chapman models
to describe the electrical double layer, which is now divided into the Stern (previously Helmholtz)
and diffuse layers (46), because the Gouy-Chapman model was inadequate in explaining
capacitance measurements at high charges or potentials. This model takes into account the finite
size of ions and their possible hydration. After another two decades, Graham extended the Stern

model by proposing that some ions (losing their hydration shell partially) or uncharged species
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2. Space Charge Theory

could penetrate the Helmholtz layer and specifically adsorb to the surface (47), leading to further
separating the Stern layer into inner Helmholtz and outer Helmholtz layers (Fig. 2.1). They are the
locus of the centers of the specifically adsorbed ions and the locus of the centers of the non-
specifically adsorbed hydrated ions, respectively.

Regarding the electrode side, Rice firstly considered the electronic density of a metallic surface
based on the Sommerfeld theory of free electrons in 1928 (48). After decades, Lang and Kohn
made a big progress toward a more accurate description of the electronic structure of metal surfaces
(49, 50) (see Fig. 2.3).

Metal surface

Electron density

Metal electrode

Distance (Fermi Wavelength)

Fig. 2.3 Sketch of charge density near metal surface.

Such space charge situations are ubiquitous, which does not only hold for rather classic systems
in the field of semiconductors (51) or liquid state electrochemistry (52). It has also been shown to
be of great relevance for solid-state ionics. As mentioned in Chapter 1 (introduction of mass
storage at interfaces), Maier explained the unusual conductivity behavior of Liang’s observation

(24) (Lil/ALO,) through the concept of space charge (25), which comes the starting point of a

whole “z00” of experimental and theoretical “anomalies” which are same on ionic redistribution
phenomena at interfaces (26). In recent decades, it is practically relevant in the context of solid
electrolytes (interfaces with electrodes (53), grain boundaries (54), composite electrolytes (28)) or
of mixed conductors, which could be used for storage (55), sensing (56), catalysis (57) and many
other purposes. In the case of storage electrodes, one deals with grain boundaries, contacts to

electrolyte or the respective passivation layers and contacts with current collectors (27). Space
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2. Space Charge Theory

charge effects can not only explain various interfacial phenomena, they can also be used to

generate beneficial effects. Such effects can refer to resistive, but also storage anomalies (27, 28).

The space charge effects have gained significant attention in recent years due to their essential role
in electrochemical energy storage and chemical conversions. As a result, it has become a focal
point of both fundamental and applied research in a variety of fields, including chemistry, physics,

materials chemistry and various engineering disciplines.

2.2 Discrete Modeling of lonic Space Charge Zones in Solids

Over the last century, significant research has been focused on investigating the behavior of
charged interfaces in contact with electrolytes. While in some instances, these classic models have
proven to be sufficient, in many cases, they have been quantitatively inaccurate or qualitatively

unsuitable. The shortcomings of the classic continuous models are discussed in the following text.
2.2.1 Introduction

The generalized thermodynamic contact picture, as shown in Fig. 2.4, considers both ionic and
electronic redistribution and their coupling via the chemical potential of components. This is
mirrored by, e.g., oxygen partial pressure over oxides (58); Li-activity in battery electrodes (29)

etc.

When considering full equilibrium, the combination of Poisson's equation and Boltzmann
distribution leads — in the continuum picture — to Gouy-Chapman profiles (40) (while depletion of
mobile majority carriers in doped systems leads to Mott-Schottky profiles (7)). However, the
profiles can be very steep if the interfacial effects are pronounced particularly in the first case, and
very often the majority of the charge decays within a distance that is on the order of the interatomic
spacing, reflecting the overstretching of the continuum approach. In fact, in the continuum model,
the total charge stored in the space charge layer (Q) is proportional to the square root of the
concentration of the outmost position (x = 0 in Fig. 2.4a) rather than to the concentration in the
outmost layer (x" =0 in Fig. 2.4b). Discrepancies are obvious not only for space charge

conduction (59) but also for space charge storage (40). Fig. 2.5 gives a striking example in the case
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2. Space Charge Theory

of interfacial storage, where the power law between the amount of stored charge and the activity
of the component fails qualitatively in the continuum picture in contrast to discrete modeling (40).
These differences emphasize that there is no straightforward match between reality and continuum
models. More importantly, elastic, structural or saturation effects as well as permittivity variations

in realistic solid system cannot easily be involved in the continuum approach.

It is also well-known from liquid electrochemistry that the calculated space charge capacitance is
much smaller than the measured one and needs to be corrected by a rigid capacitance contribution
that is more or less based on the finite atomic spacing of charge and counter charge (Fig. 2.4a) (see
e.g., Ref. (52)).

In addition, another fundamental weakness of the classic theory comes from the inconsistency of
the Poisson-Boltzmann equation. As shown in Refs. (60, 61) the results of the Poisson-Boltzmann
equation contradict the superposition principle of electrostatics (potentials due to individual ions
can be linearly superimposed to yield the potential due to an assembly of ions) which originates
from the linear Poisson’s equation. The problems are remedied in the Debye-Hickel
approximation et¥ ~ 1 + 1, i.e. for small ¥, whilst otherwise there is an inconsistency in

combining the non-linear Boltzmann equation with the linear Poisson-equation (60).

The deeper reason of the inconsistency is the identification of the mean potential appearing in
Poisson’s equation (potential not changed by a spy-particle) with the potential of mean force
appearing in the electrochemical potential and thus in the Boltzmann expression (potential
referring to the distribution that self-consistently includes the particle). The inconsistency is also
revealed by the fact that the Debye and the Glntelberg charging processes lead to different results.
The differences disappear at low potentials since here interactions are negligible. The differences
between both types of potentials may also become less relevant at very high field as there the

contribution of the particle is expected to be less relevant according to Ref. (65).

As the Taylor expansion of the Poisson-Boltzmann equation shows, the validity of the exponential

solution extends to greater 1 for symmetrical electrolytes as here the quadratic terms cancel.

More accurate descriptions of concentrated electrolytes are given by Mayer et al. (62), and Allnatt
et al.(63-65), but may become soon very intransparent and not manageable. In this thesis, the

classic Poisson-Boltzmann equation is accepted but treated in a discrete manner to be more
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realistic and to leave the room for structural modifications. For more details the reader is referred
to literature (60-70).

Highly delocalized Highly delocalized
tr

(a) electron conductor ‘ Tonic conductor (b) electron conductor Tonic conductor

_b > X -b 0 a 2a 3a na X’

Highly delocalized Highly delocalized
(c) electron conductor Tonic conductor (d) electron conductor

Tonic conductor

(=]
v
]
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(e) Localized electron conductor Tonic conductor

() Localized electron conductor Tonic conductor
‘ P ol

Fig. 2.4 Sketch of (a), (c), (e) continuum model and (b), (d), (f) discrete model. (a), (b), (c), (d) contact
between a highly delocalized electron conductor and an ion conductor; (e), (f) contact between a localized
electron conductor and an ion conductor. Note the different coordinates x and x" denoting the zero-points
in the continuum and in the discrete model, respectively. b is the distance between the two adjacent

. . - . . . +A .
discretely charged layers, its minimum value is % in the case of delocalized electron conductor and aT in

the case of localized electron conductor where a, A refer to the atomic size in the ion conductor and
localized electron conductor, respectively.
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Fig. 2.5 Comparison of continuum and discrete model for dissociative storage of the component M (e.g.,
Li, Na) (for conditions discussed in Ref. (40)). While the continuum model predicts for large storage a
power law between M-activity ay, (reflected e.g. by the cell voltage) and stored charge amount with the
exponent 4, the discrete model predicts the correct value of 2 corresponding to the fact that for large storage
essentially the first layer is responsible.

Essentially two main scenarios have been treated in solid-state ionics: (i) ion redistribution at
constant composition as occurring in heterogeneous electrolytes such as Lil:Al2O3 composites (24)
or CaF2-BaF: heterolayers (36), and (ii) the occurrence of ionic space charges compensated by
electronic ones in the case of job-sharing storage relying on compositional variations (40). The
most general case involves the redistribution of ions and electrons in both phases that are in contact.
Selected literature examples are LiF/TiO2 (53), SrTiOs-grain boundaries (58), TiO2-dislocations
(71), RbAgals/C (32).

Here the dissociative storage of metal components such as Li, Na or Ag at the contact of an ion
conductor with a metallic electron conductor is chosen as a master example (similar to the
classically discussed electrolyte/electrode interfaces), and the space charge profiles are modeled
by discrete quasi 1D simulations. The advantage of this battery-related example is that it also
includes the chemical potential of the respective component as parameter. Equivalently one can
consider oxygen ion depletion or accumulation at a perovskite interface as a function of position
with the oxygen partial pressure as parameter. The important work of Armstrong and Horrocks
(39) is followed as far as the modeling technique is concerned. This approach (discretization
perpendicular to the interface) captures the major points while discretization in two or three
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dimensions would only reveal additional insight into other questions such as crystallographic
matching or image force effects, that are, though important, beyond the interest of this study. As
in the continuum Poisson-Boltzmann equation, a coarse-grained electric potential is used in order

to be independent of quantum-mechanical details (72).

The intention of this study is to demonstrate that substantial progress in the field of space charge
theory is expected to come from such discretization, rather than relying on corrections to the
overstretched Gouy-Chapman function (73-80). Because of the extreme worth of the continuum
approach in terms of its simplicity, the approach is also useful for developing corrections (based
on the discretization) that enable Gouy-Chapman considerations to remain applicable, as well as

for developing criteria that determine when they fail.

The next section sets out the numerical procedure. Moreover, effects on capacitance and resistance
are described whereby special emphasis is laid on the small-signal evaluation. Though this is not
the most typical case where the continuum approach fails, it is extremely helpful for the illustration
as the analysis is straightforward. The third part shows that how corrections to the idealized
assumptions (constant structure, constant dielectric constant, no site saturation) can be
implemented and even advantageously combined with the continuum description for the flatter
part of the profiles by using realistic input data, e.g., from DFT.

2.2.2 Modeling Procedure

The Poisson-Boltzmann equation is applied as the relevant continuum description.

The curvature of the electric potential ¢ in a medium is, according to Poisson’s equation,
connected with the effective charge density p as well as the corresponding dielectric constant e,

according to

p F
VZ - = — 2.1
b= = "ee D PmCm 1)
m

The abbreviations z,, and c,, stand for the charge number and the concentration (number of moles

per volume) of species m; F is the Faraday constant.
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If the charge carrier concentration is described by a Boltzmann distribution (the local concentration
is proportional to the bulk concentration c,,, and the exponential of the electric potential
difference with respect to the bulk value ¢.,) and by identifying this potential with the one in

Poisson’s equation, the well-known Poisson-Boltzmann equation is obtained

—Fzp(¢—Poo)
RT

(2.2)

Vip = —— -
¢ 880 chm e
m
For a monovalent ion conductor with two types of dilute charge carriers (+ and —) with semi-
infinite boundary conditions (a case which is concentrated on in the following), the integral of Eq.

(2.2) becomes

F o0
Vo) = f (cs(x) — c_(x)) dx

Fco [
= — (e
ggg J,

—F(¢(X)=¢eo)
RT

F(¢(x)—¢oo)
RT )

—e dx (2.3)

where ¢, and c_ refer to the local concentrations of the dilute charge carriers. Owing to

electroneutrality in bulk, ¢, = €400 = C_co-

In discretized form Eq. (2.3) reads

by = s~ FTCT S G (E — 0)) 2.4

F 12 : RT
k=j
where 1 = /% is the Debye length.
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(a) (b)
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Fig. 2.6 Sketch of (a) potential profile, (b) charge distribution in discrete model (contact between a highly
delocalized electron conductor and an ion conductor). The negative counter charge concentrates on the very
surface of the highly delocalized electron conductor.

In Fig. 2.6, the discrete model (39) is illustrated with two key features: First, V¢ (slope in Fig.
2.6a, i.e. electric field) changes values only on each lattice plane where charge carriers are located,
remaining invariant in between the planes. (See Poisson equation, V2¢ < p. If p =0, V¢ is
constant.) Such a feature is different from the continuum model in which V¢ varies continuously
because p is thought to be nonzero within the whole space charge region. Second, as suggested in
Eq. 2.4, the slope between plane j and j — 1 is proportional to the stored charge summing up from
plane j to the bulk, resulting in an increase as the interface is approached (Fig. 2.6a). Fig. 2.6b
represents the situation in terms of charge distribution: While in the discrete case one can assign a
charge to a specific layer (Fig. 2.6b), in the continuum approach one has to be aware of smearing

the charge density out by i% around the position in which the atoms sit which are vertically

separated by a. This is the reason why it is necessary to distinguish between x and x’ as defined

in Fig. 2.4. The rationale as to why the continuous profile best starts at x’ = —% (and hence x —

x' = %) will be explained later. Since the details of the discrete models are not belonging to the

core part of the text, only the major results are given. For derivations, the reader is referred to the

Appendix and the respective paper (81).
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2.2.3 Results and Discussion

2.2.3.1 ldealized Model

Fig. 2.4Db, d, f sketches the discrete charge distribution of a contact between an electron conductor
and a solid ion conductor. It considers two extreme situations: the highly conducting electron
conductor, where the electronic counter charge concentrates on the very surface of the electron
conductor (Fig. 2.4a, b, c, d); in the second case, the contact of a poor electron conductor and an
ion conductor is considered where both types of charges are strictly localized (Fig. 2.4e, f) and
poorly screened. On both sides, an electric double layer is formed by the separation of charges. If

b is the distance between the two adjacent discretely charged layers, its minimum value is % in the

. +A . . . . . .
first and aT in the second case where A is the atomic size in the localized electron conductor.

Therefore, it is pertinent to distinguish between the extreme cases of a highly delocalized electron
conductor and an electron conductor where the electrons are localized at the polyvalent cations.
For the sake of simplicity, the fact is ignored that according to the jellium model the electron
density of a metal can be smeared out around the very surface with an extent of a fraction of the
Fermi-wavelength (typ. by ~2 A) (49). In the following the discrete charge distribution is
calculated, and compared with solutions from the Poisson-Boltzmann equation providing the same
total charge and calculated conductance and capacitance differences. The highly delocalized
electron conductor case is considered as the electronic part of our master example. In order not to
complicate the description, the layers that contain an equal amount of singly-charged cations and
anions with the charge carriers being cation and anion vacancies are considered. When disorder is
referred to Frenkel disorder instead of Schottky disorder, then charges have to be inserted in

between the lattice planes.

Regarding conductance and resistance, in a measurement parallel to the interface it is the
conductance Y (conductance per area) that is of significance (for more details, see Appendix II).
In terms of space charge capacitance, the effects can be significant. This is because the centroid of
the diffuse charge which determines the space charge capacitance, differs, in particular if the
screening length is large. Let us first recapitulate the important point (82) that

&

— =1L 2.5
Co (2.5)
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where ¢ = g,.¢,, Csc the space charge capacitance (per area) and L the centroid, which is

calculated in the discrete model as

Ziqul'
L(x) =——— 2.6
(x) S a0 (2.6)
and in the continuum model as
_ Jxp(x)dx
e @0

Eq. (2.6) follows directly from Poisson’s equation (82). Obviously L shifts by A if x or x; is
shifted by A. In Eq. (2.6), q; denotes the area-specific charge at the i-th plane (positioned at x;),
while @ will represent the integrated charge per area. In Eqg. (2.7), p is the continuous charge
density and x the position coordinate in the continuous model which is — owing to the atomic size

— shifted with respect to x' by ., i.e. x' + = = x.

Appendix I illustrates this for a few simple situations.

Owing to basic electrostatics, the total interfacial capacitance of the semi-infinite configuration

represented in Fig. 2.4b can be expressed as

oo

L_ s gn) _dfs=40), 40— b

C dQ dQ L dQ
d(¢s = do) O d(di — bir1) dQuss
_ 2.8
aQ ZO Qe d0 @9
where
Qi+1 :Q—ZCIk = 2 Gk
k=0 k=i+1
The evaluation for our assumption leads to
1 _agb dQ, dQy d,
e~ -G - ) ) 29
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The first term allows for an interfacial spacing of b # a.

By identifying the last term with Eq. (2.5), the result can be then represented by the well-known

relation

=—+— (2.10)
with Cy = %as Helmholtz capacitance.

To compare the discrete with the continuum model, it is very illustrative to first use the well-known

exponential limit of the Poisson-Boltzmann equation that follows for || « 1.

Using Eq. (2.10) with Ci = %‘i the final rather precise result can be obtained as
SC

a
1_b+1—§
C ¢ £

(2.11)

(Regarding derivation details, see Appendix IV and the respective paper (81))

The above conclusion that an adequate continuous picture, for which the total charge coincides
with the discrete one, implies an origin shift by — % and delivers a straightforward interpretation.
A shift between £, and £, by% means that on an absolute scale the two centroids take identical

positions. Unsurprisingly, for very small A this cannot be the case and in fact the centroid

correction tends towards zero rather than % L, is then small and even more so £, as well as the

difference between both. As the exponential solution is then no longer applicable, the full G-C
solution has to be inspected.

Indeed, as Fig. 2.7 shows, one then also recognizes the transition from %to 0. Since this correction

becomes small when on the other hand the centroid is close to the boundary, and since the
correction becomes less important if A increases, taking b + A as effective difference in the double

layer capacitance is a good approximation, yet Eq. (2.11) is perceptibly more precise.
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Fig. 2.7 Normalized Helmholtz correction (discrepancy between discrete result and Gouy-Chapman result)
as a function of Debye length A2 when the full Poisson-Boltzmann equation (a=b is assumed) is inspected.

For large A, the correction with respect to the full geometrical correction is due to the %—shift of the centroids.

This figure shows the transition of Helmholtz correction from %to a with decreasing A.

Such investigations are particularly interesting when non-idealities such as variations of the local
(free) energy to form a carrier near the interface (more precisely deviations of x° from the bulk
value), saturation effects and permittivity variation are considered. The case of permittivity
variation is given as an example in next section. The derivation details and other examples of non-

idealities are given in Appendix.

2.2.3.2 Realistic Model: Permittivity Variation

There are essentially three points resulting in variation of the dielectric constant at the interface
region, which are not independent: 1) At high fields (as they occur close to the boundary) dipoles
tend to be oriented, and the change of polarization with applied field is small (field saturation). A
quantitative relation has been given by Booth (83, 84) (see also the recommendable paper by Wang
and Pilon (85)). 2) Polarization is less pronounced due to special interfacial effects. 3) The other
side may not dielectrically contribute, which affects the effective permittivity. In a Gouy-Chapman

picture these effects lead to a lower dielectric constant (86-88).

Fig. 2.8 investigates the e-variation effects with Au® = 0 and absence of site saturation. As an

example ¢ in the first layer is taken to be 1 and from second layer on bulk-values (¢ =10) are
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applied. In this case, the centroid shifts slightly towards the interface direction and in our example

the capacitance decreases from 8.6 uF/cm? to 3.1 uF/cm? according to

1 b N a N L—a (2.13)
C & & &
where ¢, is referring to the dielectric constant in the first layer adjacent to an interface.
(a) (b)
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Fig. 2.8 The profiles of (a) electric potential and (b) charge carrier concentration shown as a function of
number of lattice plane. The blue data shows the model with e-variation in the first layer adjacent to the
interface. The blue curve shows the continuum model from second layer on. The red data shows the discrete
model without e-variation. Blue and red dashed lines in (b) indicate the positions of centroid for both cases
(with or without e-variation). Black dash-dotted line is referring to the position of first layer. Simulation
parameters: lattice spacing Ax'=0.1 nm; ¢s — Ppoo=-1 MV; c,=1 x10°° mol/cm?; O is constant; T=298 K;
€ at the first adjacent layer is taken to be 1, which differs from the bulk value (&p,;x = 10). From second
layer on the bulk values for € are applied. £L(e = 10) = 1.04 nm and L(&; = 1; &y = 10) = 0.97 nm.

C(e = 10) = 8.6 uFlcm? and C(g; = 1; & = 10) = 3.1 uF/cm?®. Note the slight difference between
red dots and blue line for x" > a.

For very small £, e-variation can have a considerable influence on the capacitance, which leads to
a reduction of capacitance by approximately one order of magnitude in this situation. On the other

hand, e-variation in the first layer gives rise to a negligible capacitance change in the case of very
large L.
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2.3 Conclusion

In this Chapter, discrete modeling of space charge zones in solids is presented, which is a sensible
approach for handling pronounced space charge potentials as well as non-idealities in realistic
solid state system. A variety of shortcomings and unrealistic assumptions necessary for the validity
of the Gouy-Chapman solution for ionic space charges can be overcome by such 1D discrete
modeling or a combination of 1D discrete modeling and continuum approach. Moreover, the
details on the difference between space charge capacitance and measured capacitance are also
revealed by discretization. This discrepancy is not completely removed by a Helmholtz correction,
in more precise terms also an inherent small shift of the centroid of charge has to be considered.

A particularly useful application of this approach is the explicit implementation of crystallographic
details and non-idealities close to the interface, even though it does not remedy the inherent
inconsistency problem of the Poisson-Boltzmann equation. In the discretized zone, knowledge
(from atomistic modeling or experiments) about non-idealities (such as energetic variations owing
to structural or elastic effects, variations in the dielectric permittivity or saturation effects) can be

included in a straightforward way.

Examples treated refer to variations in the energy levels, dielectric constant and exhaustion effects.
MgO and SrTiOs examples (Appendix V) clearly show how discretization is utilized to handle
non-idealities in realistic solid-state system by inserting calculated data (e.g., from DFT).
Pronounced space charge effects and non-idealities are ubiquitous in solid state, for example in the
electrochemical storage systems under concern in this thesis (TiO2). As far as the core part of the
thesis is concerned, namely the spatial distribution of the stored charge in titania, details of the
discretized model are not important. Rather the significance of single-layer storage will be stressed

whenever necessary.
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3

Materials Preparation and Characterization
3.1 Materials and Methods: Thin Film Deposition

3.1.1 Atomic Layer Deposition (ALD)

Atomic layer deposition (ALD) is a type of chemical vapor deposition (CVD) based on sequential
utilization of multiple vapor-phase precursors. Most ALD reactions involve two such precursors.
The substrate is exposed to gaseous precursors as a series of sequential, non-overlapping pulses,
rather than being present simultaneously in the reaction chamber as in other CVD methods.
Molecules of the first precursor are chemically adsorbed at the surface; then flowing the second
precursor causes a self-limiting reaction; the reaction terminates when all the reactive sites on the

surface are consumed.

In this thesis, a Cambridge Nanotechnology Savannah atomic layer deposition system (Veeco) was
utilized to deposit TiO2z thin films. Tetrakis-dimethylamido-titanium (TDMAT, Sigma-Aldrich
Chemie GmbH) and H20O were used as the precursors. The deposition process is shown
schematically as Fig. 3.1. First, precursor 1 (TDMAT) was pulsed into the reaction chamber and
chemically adsorbed on the surface of the substrates (0.5 wt% Nb doped SrTiOs (N-ST, from
SurfaceNet and CrysTec, (100) orientation, 10 X 10 mm, one side polished), sapphire (from
CrysTec, (0001) orientation, 10 x 10 mm, one side polished), MgO (from CrysTec, (100)
orientation, 10 x 10 mm, one side polished) and Ru on N-ST substrates). Regarding Ru substrate
preparation, Ru was sputtered on top surface of 0.5 wt% N-ST (Ru target, Testbourne, 57 mm dia.
x 1.5 mm thick, 99.95% Pure) by DC sputtering (Emitech K575X) at room temperature in a
glovebox. Then all the gas phases (reaction by-products and remaining TDMAT molecules) were

purged out, and precursor 2 (H20) was injected into the chamber. Finally all gas phases were
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purged out, leaving one TiO2 monolayer on the surface. The H20 reaction with TDMAT can be

described by the following equation:
Ti(NMe2)4(g) + 2 H20 (g) — TiOz2 (s)+ 4 HNMe2 ()

The growth conditions were optimized by varying the pivotal parameters of ALD process:
temperature, type of precursors, pulse duration, and purge duration. The typical deposition
temperature is 100-250 °C and the general pulse duration and purge duration are 10-200 ms, 5-30
s, respectively. The purge time also depends on temperature and pumping rate. After a series of
control experiments, suitable growth conditions were identified. For example, when the growth
temperature is 200 °C, a pulse time of 200 ms for TDMAT cycle and 15 ms for H20 cycle and a
purge time of 10 s for TDMAT cycle and 10 s for H20 cycle are sufficient (Fig. 3.1b). Uniform
TiO2 thin films of different thicknesses were obtained by varying the number of cycles. Then the

deposited TiO2 films were annealed at 300 °C for 2 h under argon atmosphere.

Nb20s thin films were deposited on 0.5 wt% N-ST by ALD (Cambridge Nanotechnology Savannah
atomic layer deposition system (Veeco)) at 150 °C and plasma-enhanced ALD (PE-ALD, Sentech
ALD with Real-time Monitoring) at 400 °C. In the Cambridge Nanotechnology Savannah ALD
system, Tris(diethylamido)(tert-butylimido)niobium(V) (TBTDEN, Sigma-Aldrich Chemie
GmbH) was used as the precursor. A pulse time of 6 s and a purge time of 15 s for TBTDEN cycle
were applied, following two steps H20 pulse (pulse: 30 ms, purge: 10 s; pulse: 30 ms, purge: 30
s). Regarding the Sentech PE-ALD system, Tris(diethylamido)(tert-butylimido)niobium(V)
(TBTDEN, DOCKWEILER CHEMICALS GmbH) in a bubbler cylinder was used as the precursor,
which was pulsed into the chamber for 1 s, following a 15 s purge. Then Oxygen Plasma (200 W,
20 Pa, 150 sccm) was applied for 10 s, afterwards the system was purged for 1 s. The as-grown

Nb20s films were annealed at 750 °C for 2 h under argon atmosphere.

ALD shows tremendous advantages in comparison to other thin-film deposition techniques. It can
be used to produce even sub-10 nm films with precise thickness control. It also exhibits excellent
conformal coverage on three-dimensional complex structures. In addition, the impurity
contamination is low due to the self-limited surface reaction mechanism and low-temperature

processing (89, 90). ALD was performed in the Scientific Facility Nanostructuring Lab (NSL).
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Fig. 3.1 (a) Schematic representation of anatase TiO; thin film growth by atomic layer deposition (ALD);
(b) Gauge pressure vs. time during ALD process.

3.1.2 Pulsed Laser Deposition (PLD)

With regard to PLD, anatase TiO2 was deposited on pure and differently doped ST substrates (from
SurfaceNet and CrysTec, (100) orientation, 10 X 10 mm) at 630 °C under an Oz pressure of 0.3
mbar. The TiO2 target was prepared by isostatically pressing TiO2 powders and sintering the as-
pressed TiO2 pellet. The frequency of the laser is 5 Hz and the energy density is 1.6 ]/cm?. The
thickness of films is controlled by the pulse number. Then the temperature was decreased to 450 °C
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and the sample was kept at 450 °C under pressure of 1 bar for 30 min annealing treatment after
deposition. Afterwards, the sample was cooled down to room temperature. PLD was performed in

the Scientific Facility “Thin Film Technology”.

3.1.3 Molecular Beam Epitaxy (MBE)

Regarding MBE, the growth temperature is 630 °C and the pressure (Po,+0,) is 1.7 X 107> Torr.
Ti metal (Sigma-Aldrich) was used as the target. Reflection high-energy electron diffraction
(RHEED) and Low-energy electron diffraction (LEED) set-ups are equipped in the MBE system.
RHEED and LEED data were recorded during film deposition, which are very useful for
confirming the quality of deposited films. High quality anatase TiOz thin films on pure and
differently doped ST substrates (from SurfaceNet and CrysTec, (100) orientation, 10 X 10 mm)
were deposited by MBE. MBE was performed in the Scientific Facility “Thin Film Technology™.

3.2 Materials and Methods: Substrate and Thin Film

Characterization

3.2.1 X-Ray Diffraction (XRD) and X-Ray Reflectivity (XRR)

All XRD data collections in grazing incidence configuration for thin films and for reflectivity
measurements were carried out on a PANalytical diffractometer of the Emperian Series (Cu K,
radiation, 40 kV, 40 mA), equipped with a parallel beam mirror and a PIXcel 3D detector.

Regarding reflectivity measurements, interference occurs between the X-rays reflected from the
surface of thin film and the interface between thin film and substrate, which leads the reflectivity
profile to an oscillation feature (91). The thickness of thin film was obtained based on the curve
of periodical oscillation in intensity. The extracted oscillation curve can be operated by Fourier

transformation in order to obtain the thickness of a thin film.

Measurements of thin films (common 6 — 26 mode) were conducted under Bragg-Brentano

configuration using programmable divergence slits, anti-scatter slits and a PIXcel 3D detector.
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In terms of measurements at elevated temperature, samples were mounted in a high-temperature

oven chamber (HTK 1200N from Anton Paar) with argon flowing.

For data processing and analysis (diffraction and reflectivity data), PANalytical software packages

HighScore Plus and Reflectivity were used.

3.2.2 Stylus Profilometry

Stylus profilometers (Dektak 8 Veeco) was utilized to measure the thickness of thin films, which
consists of a detector and a sample stage. A probe with a radius of 5 um was used to scan the
surface of the samples and the height profile as a function of position was obtained by physically
scanning a stylus with specified contact force along the surface for a specified distance. A feedback
system was applied to keep the cantilever with a specific amount of torque on it, which is known
as the ‘setpoint’. The surface can be reconstructed according to the changes in the Z position of

the cantilever.

The resolution depends on the scanning parameters, such as the radius of stylus, scan speed and

force. The scanning parameters for this work are shown in Table 3.1.

Fig. 3.2 shows the procedure of sample preparation for profilometry. First the 0.5 wt% Nb doped
SrTiOs substrate (N-ST) (from SurfaceNet and CrysTec) or sapphire/MgO substrate (from CrysTec)
was cleaned by deionized water, acetone (BASF, Art: 50488858) and then ultrasonic cleaning in
isopropanol (BASF, Art: 50489068) was applied for further cleaning, after which Kapton tape was
adhered to the edges of N-ST/sapphire/MgO substrate before deposition. After the deposition
process, the Kapton tape was removed and the deposited TiO:2 thin film stayed on the center of

substrate.

The prepared sample was moved to the platform of profilometer and scanned by a stylus with a
radius of 5 um, which is shown as Fig. 3.3. Eight different positions were scanned for every sample

and the average value was considered as the thicknesses of the films (Table 3.2).

Stylus Profilometry was performed in the Scientific Facility Nanostructuring Lab (NSL).
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Fig. 3.2 Schematic representation of sample preparation for profilometry.

Table 3.1 Scanning parameters of profilometry.

Parameters Value & mode
Scan Type Standard Scan
Radius of Stylus 5um
Scan Length 600 um
Scan Duration 30s
Force 15 mg
Profile Hills & Valleys
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Fig. 3.3 (a) Schematic representation of scanning samples by a stylus. (b) Height profile as a function of
position.

3.2.3 Atomic Force Microscope (AFM)

Bruker Dimension ICON AFM was used for AFM measurements, which was operated under

PeakForce Tapping™ mode.

In contrast to conventional tapping mode AFM where the cantilever oscillates at or near its
resonance frequency, in PeakForce Tapping™ a force/distance curve is acquired in every point.
For this, the cantilever oscillates with a frequency in the range of 1-2 kHz, far below its resonance
frequency. When the cantilever approaches, it will first experience attractive forces. For smaller
tip/sample distances, these are overlaid by repulsive forces. At a certain force set point the tip is
retracted again. Due to this very controlled tip trajectory, it is much easier to automatically adjust
all imaging parameters including the force set point and the feedback loop. Additionally, it gives
qualitative and even quantitative (if well calibrated) insight into mechanical properties like

adhesion, dissipation and modulus of the surface on a local scale.

AFM was performed in the Scientific Facility "Interface Analysis".
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3.2.4 X-Ray Photoelectron Spectroscopy (XPS)

XPS measurements of Ru substrate were performed on a Kratos Axis Ultra system equipped with
a monochromatized Al K, X-Ray source. For depth profiling, a scanning MiniBeam Il1 Argon ion
sputter gun (from Kratos) with a beam energy of 4.0 keV and an emission current of 20 mA was
used. XPS data were analyzed with the CasaXPS software (version 2.3.23PR1.0 by Casa Software
Ltd). The first sample was exposed to air and then transferred to the XPS chamber. A second
sample was prepared in a glove box under Ar atmosphere (O2 < 0.1 ppm, H20 < 0.1 ppm) and
transferred to the XPS chamber in an airtight transfer tool under Ar atmosphere. After first
measurement of each sample, the native oxide layer was removed by an Argon ion beam (10 min),

following a second measurement.

XPS is an X-Ray based technique to identify the chemical compounds and the related binding
energies by measuring kinetic energies of the ejected electrons from the photoelectric effect. XPS
is a surface-sensitive tool (few nm depending on the material) since only the electrons close to the

surface can escape without the energy loss.

XPS was performed in the Scientific Facility "Interface Analysis".

3.2.5 Focused Ion Beam (FIB): TEM-lamella Preparation

For the preparation of the TEM samples, a FEI Scios dual beam instrument equipped with a Ga
source has been used. The samples were transferred inside a sealed capsule from a glove box with
Ar atmosphere (O2 < 0.1 ppm, H20 < 0.1 ppm) to the FIB vacuum chamber without air contact.
The FIB milling steps were performed at 30 kV Ga beam, for thinning 5 kV was used and the final
polishing step was done with a 2 kV Ga beam. The final thickness of the TEM lamellae was below
50 nm. The procedure of TEM-lamella preparation in the FIB is given as Fig. 3.4. Experimental
details can be found in literature (92). The final FIB samples were mounted to TEM holders in a
glove box and transferred to TEM in the protective environment using a Melbuild vacuum transfer
holder.

FIB was performed in the “Stuttgart Center for Electron Microscopy (StEM)”.
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Fig. 3.4 TEM-lamella preparation in the FIB. (a) Protection layer deposition; (b) Rough wedge cutting on
two sides; (¢) Cut-out; (d) Lift out (SEM view); (e) Transfer to grid (FIB view); (f) Specimen preparation
on the grid; (g), (h) Final thinning (reduction of beam current for thinning and reduction of acceleration
voltage for final polishing step by step).

3.2.6 Scanning Transmission Electron Microscopy (STEM) and

Electron Energy Loss Spectroscopy (EELYS)

STEM studies were conducted using a spherical aberration-corrected STEM (JEM-ARM200F,
JEOL Co. Ltd.) equipped with a cold-field emission gun and a DCOR probe Cs-corrector (CEOS
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GmbH) operated at 200 kV. The HAADF-STEM images were obtained by an ADF detector with
a convergent semi-angle of 20.4 mrad and collection semi-angles of 70—300 mrad. Simultaneously,
ABEF results were acquired by a BF detector with a collection semi-angle of 11-22 mrad. In order
to make precise measurements of lattice constants, ten serial frames were acquired with a short
dwell time (2 ps/pixel), aligned, and added afterward to improve the signal-to-noise ratio (SNR)
and to minimize the image distortion of STEM images. EELS acquisition has been performed with
a Gatan GIF Quantum ERS imaging filter equipped with a Gatan K2 Summit camera and a CCD
camera with a convergent semi-angle of 20.4 mrad and a collection semi-angle of 111 mrad. EELS
spectrum imaging was performed with a dispersion of 0.5 eV/channel for the simultaneous
acquisition of signals of the Ti-L2,3, O-K and Sr-L23 edges. EELS line scans were conducted using
a K2 camera with a dispersion of 0.1 eV/channel and 0.25 eV/channel to acquire EELS spectra of
Li-K, O-K and Ti-L23edges for further fine structure analysis (See Fig. 3.5 for the corresponding
energy resolution). The raw spectrum image data were denoised by applying a principal
component analysis (PCA) with the multivariate statistical analysis (MSA) plugin (HREM
Research Inc.). For calculating the Ti valence state, the electron energy-loss near-edge structure
of Ti-L2,3 was analyzed using a multiple linear least-squares fitting algorithm based on the
measured Ti-L23edges of standard samples with Ti** (SrTiOs) and Ti®* (LiTiO2).

STEM and EELS were performed in the “Stuttgart Center for Electron Microscopy (StEM)”.
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Fig. 3.5 EELS zero-loss peaks acquired with the dispersion of 0.1 eV/channel and 0.25 eV/channel. The
energy resolution can be determined as the full-width at half-maximum of the zero-loss peak.

3.3 Results and Discussion

RHEED and LEED data were recorded during film deposition (MBE) as shown in Fig. 3.6 and
Fig. 3.7, respectively. The superstructure is clearly identified according to the diffraction patterns.
Both RHEED and LEED data evidence that the deposited films are of good quality.
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Fig. 3.6 Reflection high-energy electron diffraction (RHEED) of (a) 0.5 wt% Nb doped SrTiO3 (N-ST), (b)
deposited TiO, with (100) orientation (the superstructure is clearly identified), and (c) (110) orientation. (d)
Average intensity as function of elapsed time.

Fig. 3.7 Low-energy electron diffraction (LEED) of TiO; (deposited by MBE) on 0.5 wt% Nb doped
SrTiOz (N-ST).
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X-Ray Diffraction (XRD) and X-Ray Reflectivity (XRR)

In-situ GIXRD results of a TiO2 (T) thin film on sapphire substrate (Fig. 3.8), which was deposited
by ALD, show that all the peaks belong to the anatase phase indicating the desired pure anatase
was obtained (as-grown or after 300 °C annealing). The diffraction intensity of the film after 2 h
annealing treatment is higher than that from as-grown film, which demonstrates the improvement
of crystallinity after annealing. From 2 h on, the peaks intensity stays identical giving evidence
that 2 h annealing treatment is sufficient.

leixrD 50

j ——300°C(2h) |

4 T ——300°C (4h) -

] ——300°C (6h) ]
300°C (8 h)

s ——300°C (10h) 7
———300°C (12 h)

Intensity / a.u.

Fig. 3.8 In-situ GIXRD measurements of TiO, (T) thin film on sapphire substrate (deposited by ALD)
during annealing treatment.

TiO2 (T) thin films (deposited by ALD) on 0.5 wt% N-ST substrate were characterized by XRD
(6 — 26 mode and GIXRD mode) and XRR. Only a single peak (Fig. 3.9 (a), (b)) from anatase
appears for both diffraction modes, indicating that (004) orientation (c-direction) is dominant. The
thicknesses of the two TiOz2 thin films are obtained as 23.7 nm, 12.1 nm, respectively, based on
the clear periodical oscillation curves (XRR, Fig. 3.9 (c)). XRD and XRR results evidence high
quality of TiOz thin films.
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Fig. 3.9 XRD and XRR measurements of two TiO (T) thin films on 0.5 wt% N-ST substrates deposited by
ALD. (a) XRD patterns (normal scan, 6 — 26 mode); (b) GIXRD patterns; (¢) XRR results.

Similarly, GIXRD results of TiOz (T) thin films (on N-ST substrates) deposited by PLD and MBE
(Fig. 3.10 (a), (b), (d), (e)) show only a single peak from anatase (same as ALD films), which
indicates that (004) orientation (c-direction) is dominant. The thicknesses of the TiOz2 thin films
are obtained as 21.1, 9.7, 8.0, 5.3 nm for PLD films and 8.6 nm for MBE films, respectively, based
on XRR results. In addition, TiOz (T) thin films deposited on differently doped ST substrates by
PLD (Fig. 3.11) exhibit equally good quality. The identical features (diffraction and reflectivity
data) of two measurements (on N-ST and F-ST substrates) confirm the reliability of film deposition.

All TiOzthin films on various substrates (differently doped ST and Ru substrates) deposited by the
three deposition techniques (ALD, PLD, MBE) exhibit high quality, which is essential for the
quantitative analysis of storage capacity measurements.
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Fig. 3.10 XRD and XRR measurements of TiO; (T) thin films on N-ST substrates deposited by PLD (a),
(b), (c) and MBE (d), (e), (f). (a), (d) XRD patterns (normal scan, 8 — 26 mode); (b), (€) GIXRD patterns;
(c), (f) XRR results. Only a single peak (a), (b) from anatase appears for both diffraction modes (same as
ALD films), indicating that (004) orientation (c-direction) is dominant.
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Fig. 3.11 XRD and XRR measurements of TiO (T) thin films on N-ST and F-ST substrates deposited by
PLD (same growth condition). (a), (c) XRD patterns (normal scan, 8 — 26 mode); (b), (d) XRR results.
Only a single peak (a), (c) from anatase appears indicating (001) orientation (c-direction) is dominant. The
thicknesses of both (T on N-ST and F-ST substrates) are obtained as 5.4 nm (b), 8.6 nm (d), respectively,
based on the periodical oscillation curves.

Film thickness

The above-mentioned XRR measurements provide precise and reliable thickness data of TiO2 thin
films. To verify the reliability, two additional techniques (stylus profilometry and TEM) were
utilized to measure the thickness. Regarding stylus profilometry, the measurement details are given
in “Materials and Methods” section. Eight different positions were scanned for every sample and
the average measured values were considered as the thicknesses of the films (Table 3.2). The
standard deviation is less than 0.5%.
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Table 3.2 Thickness measured by profilometry

Number Measured thickness [nm] Standard

of Average | deviation
cycles [nm] [nm]
250 124 | 123 | 123 | 106 | 114 | 111 | 123 | 11.7 12.0 0.4
500 219 | 212 | 203 | 206 | 21.5 | 20.3 | 206 | 214 21.6 0.3
750 325 | 334 | 338 | 324 | 339 | 329 | 333 | 33.2 32.9 0.4
1000 419 | 404 | 41.2 | 40.1 | 421 | 40.1 | 40.8 | 40.8 41.4 0.5
1500 676 | 68.6 | 66.1 | 66.8 | 68.7 | 68.0 | 66.6 | 66.6 67.1 0.5
3000 |144.1|144.7 | 1447 | 142.3 | 144.8 | 142.1 | 1445 | 144.7 | 1444 0.3
7500 | 413.5|411.3 |413.2 | 413.2 | 411.2 | 409.2 | 4125 | 411.3 | 4124 11

Simultaneously, TEM measurements provide very precise results. Fig. 3.12 summarizes the
thickness determined by XRR, TEM and stylus profilometry. All three techniques give consistent
results, indicating reliable and accurate film thickness control (ALD, PLD) and thickness
measurement, which is vital for storage capacity analysis. The thickness shows linear relation with
cycle number (ALD samples, based on 37 samples) and pulse number (PLD samples, based on 14
samples). The corresponding growth rates are applied to calculate the thicknesses of extremely

thin films (e.g., below 5 nm).
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Fig. 3.12 Thickness measurements of TiO; films deposited by (a) ALD (thickness vs. cycle number) and
(b) PLD (thickness vs. pulse number). X-Ray reflectivity (XRR), TEM, stylus profilometry are used to
determine the thickness very precisely.
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Fig. 3.13 AFM measurements of () N-ST and (b) TiO, on N-ST (deposited by MBE, thickness: 8.6 nm).

Fig. 3.13 shows one example of AFM measurements of N-ST and TiO2 on N-ST (deposited by
MBE), which indicates a high quality TiO: thin film with a mean roughness of 0.2 nm. Fig. 3.14
shows one example of atomic-resolution HAADF-STEM images of TiO2 on N-ST (deposited by
MBE), which confirms that the grown TiO2 films are of good crystalline quality with atomically

sharp interface, which is crucial for further electrochemical measurements.

= Tio,
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Fig. 3.14 Atomic-resolution HAADF-STEM images of TiO, on N-ST (deposited by MBE).
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XPS data (Ru substrate) analysis

The surface chemistry of sputtered Ru substrate was characterized by XPS, which is vital to design
accurate electrochemical measurements to deconvolute bulk and boundary storage contributions.
First, the oxygen signal was observed for both samples (with or without air exposure) during the
initial survey. After 10 min sputtering, the oxygen signal was completely gone for both samples
but during the detailed measurements a bit of oxygen re-adsorbed on the sputtered area (Fig. 3.15
and Fig. 3.16).
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Fig. 3.15 XPS results of Ru substrate. (a), (b), (c) before sputtering; (d), (e), (f) after 10 min Ar sputtering.
The sample was exposed to air before measurement and then transferred to the XPS chamber.
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Fig. 3.16 XPS results of Ru substrate. (a), (b), (c) before sputtering; (d), (e), (f) after 10 min Ar sputtering.
The sample was prepared in a glove box under Ar atmosphere (O2 < 0.1 ppm, H,O < 0.1 ppm) and
transferred to the XPS chamber in an airtight transfer tool under Ar atmosphere.

The thickness of the surface oxide layer of the Ru substrate was estimated from the area of the Ru
component before (I) and after sputtering (I,) after a Tougaard background subtraction and using

the following equation:
1/1, = exp (—d/IMFP)

where d is the oxide thickness, and the inelastic mean free path (IMFP) was calculated with
QUASES-IMFP  calculator  (http://www.quases.com/products/quases-imfp-tpp2m/).  The
calculations were performed for both Ru 3d and Ru 3p peak areas in order to get a better estimate
on the error. The thickness of the surface oxide layer can be approximately estimated to be 0.5-0.7
nm for both samples (with or without air exposure, see Fig. 3.15 and Fig. 3.16, Table 3.3a, 3.3b
and Table 3.4a, 3.4b).

Tables 3.3 and 3.4 give the peak areas, the kinetic energies and the IMFP for RuO2 and RuO4 and

the estimated thicknesses from these values. Since the exact composition and structure of the
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natural oxide is unknown, both RuO2 and RuOas have been used to estimate the thickness of the

layer of the oxidized Ru on top.

Regarding the Ru oxidation state on the surface oxide layer, RuOz is likely the predominant species
according to literature and our measurements. Looking into the literature the binding energy of
RuO:2 is only 0.6 eV higher than the one of Ru metal. Since Ru metal is quite asymmetric and the
amount of oxidized Ru is rather low, this cannot be easily distinguished. However the binding
energy shift for RuOs and RuO4 compared to Ru is significantly larger - 2.4 eV and 3.2 eV,
respectively. This should be visible in the XPS. Since any signature 3 eV above the main Ru peaks
is not seen (Fig. 3.15 and Fig. 3.16), RuOs or RuO4 would be excluded.

The two samples (with or without air exposure) show identical surface chemistry (an oxidic
monolayer on the surface), which indicates that the oxide layer is stable at room temperature
prohibiting further oxidation (owing to sluggish oxygen diffusion).

Table 3.3a The area of the Ru component (Ru 3d) before (I) and after sputtering (I,), and the calculated

thickness of the surface oxide layer of Ru substrate. The sample was exposed to air before measurement
and then transferred to the XPS chamber.

Ru 3d (Exin=1200 eV)
IMFP IMFP I lo
(RuOy) (RuQs)
1.98 nm 2.53 nm 241618 320658
Thickness | 0.55 nm 0.72 nm

Table 3.3b The area of the Ru component (Ru 3p) before (I) and after sputtering (I,), and the calculated
thickness of the surface oxide layer of Ru substrate. The sample was exposed to air before measurement
and then transferred to the XPS chamber.

Ru 3p (Exin=1015 eV)
IMFP IMFP I lo
(Ru02) (RuOa)
1.74 nm 2.22 nm 191102 257634
Thickness | 0.52 nm 0.66 nm
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Table 3.4a The area of the Ru component (Ru 3d) before (I) and after sputtering (I,), and the calculated
thickness of the surface oxide layer of Ru substrate. The sample was prepared and transferred without air

exposure.
Ru 3d (Ekin=1200 eV)
IMFP IMFP I lo
(Ru0») (RuOa)
1.98 nm 2.53 nm 244086 318640
Thickness | 0.53 nm 0.67 nm

Table 3.4b The area of the Ru component (Ru 3p) before (I) and after sputtering (I,), and the calculated
thickness of the surface oxide layer of Ru substrate. The sample was prepared and transferred without air

exposure.
Ru 3p (Exin=1015 eV)
IMFP IMFP I lo
(RuO2) (RuOa4)
1.74 nm 2.22 nm 186037 254830
Thickness | 0.55 nm 0.70 nm
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4
Lithium Storage in TiO2 Films

4.1 Introduction

In this chapter (the core part of the thesis), to accomplish the main goal of deconvoluting bulk and
interfacial storage and unifying supercapacitor and battery electrode concepts, TiOz2 thin films of

high quality were utilized as model system.

Binary transition metal oxides (TMO) have been well-studied as battery electrode materials (93).
Inserted Li* ions can be accommodated in and diffuse via interstices in the lattice, while donated
electrons can be accommodated by changes in the transition metal valence state (55). TiO2 has
proven to be a particularly useful model material for investigating fundamental issues related to Li
transport and storage (53, 71, 94-99). Several polymorphs of TiO2 such as rutile (95), anatase (100,
101), and TiO2(B) (102-104), which can host lithium, have been explored as possible negative
electrode materials for lithium ion batteries (LIBs). The titania modification that is referred to in
the thin films in this study is anatase, which has a tetragonal structure (space group I41/amd,
number 141). It is well studied in terms of mechanism and performance of Li storage. Anatase is
kinetically stable over a wide temperature range. In addition, anatase shows a modest volume
change (~4%) (105) during the lithiation/delithiation process. The defect chemistry of anatase is
well-understood (53, 55, 98). In particular, it has been shown that Li ions occupy interstitial
positions in the bulk up to a concentration of at least 6=0.5 (Li5TiO,) compensated by conduction
electrons in the Ti d orbitals (Ti**) (106). In LiosTiOz, based on theoretical calculations (107, 108)

the Li ions are thought to be randomly located in half of the available interstitial octahedral sites.

The electrochemical measurements (battery storage capacity and bias dependent impedance
measurements) and advanced electron microscopy measurements (STEM and EELS) were

performed based on the aforementioned anatase TiOz2 thin films.
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4.2 Materials and Methods

4.2.1 Electrochemical Experiments

Storage capacity measurements:

Electrochemical test cells were assembled in an argon-filled glove box (O2 < 0.1 ppm, H20 < 0.1
ppm), with the deposited TiO2 thin film (10 x 10 mm) as working electrode, lithium metal disc
(1.5 mm thick x 14 mm dia.,) cut from lithium metal foil (Alfa Aesar, 1.5 mm (0.06 in) thick x 19
mm (0.75 in) wide, 99.9% (metal basis), packing under argon) as the reference electrode. 1.0 M
lithium hexafluorophosphate (LiPFs) solution in a 1:1 vol/vol mixture of ethylene carbonate (EC)
and dimethyl carbonate (DMC) was utilized as the electrolyte (Sigma-Aldrich, battery grade) and
Whatman® glass microfiber (Grade GF/D) was used as separator. The stainless steel disc and
spring were removed from the cells in order to decrease the background capacity. In addition to
the typical cells consisting of TiO2 thin film electrode inside, dummy cells (without TiOz thin films,
only substrates) were also assembled for control experiments. To further reduce the background
capacity, all the area of electrochemical test cells (except the sample) was blocked using an

insulating layer (Kapton Tape).

The electronic conductivity of the lower donor doped, pure or acceptor doped ST is poor. Therefore,
the samples need to be coated by carbon except the top surface (TiOz2 thin film, see Fig. 4.1b). A

Leica ACE 600 sputter coater was used for carbon coating.

The true concentration of LiPFs electrolyte was measured by inductively coupled plasma optical
emission spectroscopy (ICP-OES). In ICP-OES analysis, the dissolved sample was introduced into
the inductively generated argon plasma via an atomizer system and excited. The emitted radiation
was transferred to the ICP spectrometer where it was split into the individual wavelengths and
evaluated. The intensities of the spectral lines were measured with CCD semiconductor detectors.
Calibration was carried out with multi-element solutions mixed from standard solutions or single-

element solutions.

Galvanostatic charge/discharge experiments of batteries were operated in a fixed potential window
between 1.0-1.6 V to 3.0 V (versus Li) by using high-resolution Keithley source meters (Keithley
236 source measure unit, Keithley 237 high voltage source measure unit, Keithley 617

50



4. Lithium Storage in TiO2 Films

programmable electrometer, Keithley 2400 system source meter, Keithley 2634B system source
meter, Keithley 2604B system source meter, Keithley 220 programmable current source and
Keithley 6514 system electrometer) at room temperature. The capacity values of TiOz thin film
were measured accurately under constant current (200 nA, 500 nA). The use of very thin films (1
— 15 nm) under rather low rates (extremely small currents) allows for reaching equilibrium within
the times of measurements. The dummy cell capacity was measured and subtracted very precisely,
which is vital for decoupling bulk and interfacial storage capacity accurately.

Bias dependent impedance measurements:

Electrochemical Impedance Spectroscopy (EIS) was employed to measure the interfacial
resistance as well as interfacial capacitance. First, electrochemical test cells were assembled as
mentioned above, which were kept at certain voltage for at least 3 weeks. Li contents in TiOz thin
films can be controlled by varying voltage. Then the electrochemical test cell was disassembled in
an argon-filled glove box (O2 < 0.1 ppm, H20 < 0.1 ppm). Ru was sputtered on both sides of the
lithiated sample (Fig. 4.10) by DC sputtering (Emitech K575X, Ru target, Testbourne, 57mm dia.
x 1.5mm thick, 99.95% Pure) and the prepared sample was transferred to the specially designed
test cell (Fig. 4.10), which is airtight allowing argon flowing during measurement. All these
operations were done in an argon-filled glove box (Oz2 < 0.1 ppm, H20 < 0.1 ppm). Then the
measurement cell was placed in a thermostat in order to control temperature precisely. The
measurements were conducted with a Novocontrol Alpha-A analyzer (Novocontrol Techologies,

Germany, 2-wire measurement, 10° to 101 — 1072 Hz, 0.01 V amplitude) applying various biases.

EIS induces a small voltage perturbation of varying frequency to yield a linear current response
which is mathematically translated to the complex impedance (details about this technique can be
found in Refs. (7) and (109)). At least two spectra were acquired at each condition (bias voltage)
to confirm reproducibility. Impedance spectra were analyzed using ZView (Scribner Associates,
Inc., USA, Version 3.5.c) by a respective equivalent circuit consisting of resistors (R), capacitors

(C) and/or constant phase elements (CPE).
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4.2.2 Electron Microscope Experiments (STEM and EELYS)

The instruments information and experimental details have already been given in Chapter 3. One
key point for lithiated samples emphasized here is that all bulk samples (especially lithiated
samples) were transferred inside a sealed capsule from a glove box with Ar atmosphere (02 < 0.1
ppm, H20 < 0.1 ppm) to the FIB vacuum chamber without air contact. The final FIB samples were
mounted to TEM holders in a glove box (O2 < 0.1 ppm, H20 < 0.1 ppm) and transferred to TEM
in the protective environment using a Melbuild vacuum transfer holder. All samples were kept in
an inert environment and not exposed to air from electrochemical experiments to final TEM and

EELS investigations.

4.3 Results and Discussion

4.3.1 Electrochemical Storage

The lithium uptake of TiO2-films (the local storage capacity) as a function of film thickness was
measured carefully for various electron-accepting substrates. The measurement set-ups are shown in
Fig. 4.1. In addition to bulk lithium storage with a typical bulk value, the TiO:2 interface to an
electron conductor such as doped SrTiOs (ST) or Ru can take up excess lithium through a space
charge effect, leading to values beyond the bulk value. The interfacial storage in anatase has also

been studied in terms of nanoparticles at different rates (19, 55).

(a) (b) £

T of o

Li | Li ]
Li*l Liquid electrolyte (Li*) Li*'l Liquid electrolyte (Li")

TiO, CD GD TiO, (D CU)

e |  Nb:sTioyRu € SrTiOy/Fe:SITiO; e’

- E‘I :

e

Fig. 4.1 Measurement set-ups: (a) storage experiment with a conductive substrate; (b) storage experiment
with a non-conductive substrate.
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4.3.1.1 Thickness Dependence

The storage capacity of TiO, on 0.5 wt% N-ST substrates as function of thickness was precisely

measured (Fig. 4.2). The study of capacitance as function of thickness allows for separating bulk
and boundary contributions, analogous to thin film studies of parallel conductances as function of
thickness. In equilibrium, a straight line is expected with a slope that indicates the bulk storage
capacity and an intercept that gives the excess boundary contribution. The battery storage capacity
(the area (a) specific capacity (Q/a)), which depends linearly on the thickness (L), can be
expressed as

Q/a = Qint/a + qpukL = Qine/a + chuxFL = Qine/a + (8/V)FL (4.1)

whereby qy,, 1k denotes the neutral bulk charge density that is given by the L-independent bulk

defect concentration §/V where 6 (= ny;/ng;) denotes the molar fraction and V the molar volume.

= ~2.26x10° uC/ecm?®
©
—
S
0.001 TiO, on Nb:SrTiOs (0.5 Wt%, N-ST)
TiO,
N-ST
~ 94 uClecm?
OOOO 1 T T T T T T T T T

0 2 4 6 8 10 12 14
thickness/nm

Fig. 4.2 Thickness dependent storage measurement: Area-specific capacity (Q/a) as function of thickness
(TiO,on 0.5 wt% N-ST substrates). The bulk storage capacity (the slope) is 2.26(+0.02) x 10° uC/cm?

and the interfacial storage capacity (the intercept) is 94(+15) uC/cm? in the case of 1 V versus Li. TiO,
films were deposited by atomic layer deposition (ALD).
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Fig. 4.2 presents a collection of representative storage experiments of titania thin films (on 0.5 wt%
N-ST substrates) as a function of thickness. The Li-uptake of a dummy cell has been carefully
measured and subtracted. The bulk storage capacity (the slope) is 2.26(40.02) x 10° uC/cm3.
Extrapolating the capacity values to zero thicknesses gives the interfacial storage capacity (the
intercept) of 94(415) uC/cm?. The measured bulk and boundary contributions correspond to
typical values for anatase (19, 106, 110). Even though the boundary storage capacity is relatively
high, it is not inconsistent with monolayer result. As a consistency check, the limit of a fully
occupied first layer in titania within a discrete picture (81) is assumed. A maximum value of
850 uC/cm? is estimated since two interstitial sites per Ti are available (106). In reality, the

limiting factor may be to accumulate the equivalent amount of electrons in the substrate.

To estimate the amount of stored electrons in the ST substrate, a Gouy-Chapman profile is
considered. The equilibrium space charge profile can be written as (7)

d?ng, 1
=5 G (42)

where the parameter ¢ is the concentration enhancement (the concentration relative to that in the

bulk (cs)), i.e. ¢, = C:(x), and ¢ is the local coordinate normalized to the Debye length (¢ = %).

noo

In the case of pronounced space charge effects, the depleted positive charge becomes unimportant

for the charge density very rapidly. Then the simplified space charge profile can be obtained as

d?Ing, 1

ez - E(n (4.3)

Using In,, = Ina + b In (1 + ¢£), the electron concentration can be obtained as

cn(x) = “no (4.4)

2
Cno X
(1 * Cno zz)

Clearly, c,,, is a formal value and may be greater than the realistic value in a discrete picture. c,,

can be estimated from equating the integral over the first layer with the first-layer result of a
discrete picture (81). (c,,o: single layer model 105 1C/cm?, each Ti takes up one electron, see Fig.
4.3)
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f cn(x)dx = acyyg
a

lcn(}
]
I r
f Cho
[}
\
b
o 1] A
.-D‘.[‘l Lli \\
—_— er >
See e |
; LigTiO, 00—3 N-ST B

Fig. 4.3 Schematic representation of charge storage in ST substrate. (Gouy-Chapman profile and single-
layer model in a discrete picture.)

where a is the lattice parameter of ST. Then the following equation can be obtained

-1

/c 0o a ,
224/ CnoCnoo ll -1+ CTLLooﬁ = acpy (4.5)

The only unknown c,,, can be obtained when c,,., and A are given. The screening length for the
ST substrate is a few to tens of nanometers, depending on the dopant content. The total stored

charge can be calculated by integration of concentration from 24 to 0.

o (1

Q= cp(x)dx =2A/ChoCnoo | 1 ——— (4.6)
\’Cnoo

For the realistic situation, c,o~5c,,, gives a maximum stored charge Q of 140 uC/cm?, which

indicates the measured value to be on the safe side.

In addition, partial association (of Li" and e’) across the double-layer is probable (19, 98)
("pseudocapacitive contributions™), which will make the rather high value more expectable. Partial
association is already expected in the bulk (98). In the space charge zones, part of the associated

defects split at the expense of the overall amount of the neutral species (111, 112).
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In the context of this study, it is remarkable that not only bulk and boundary storage can be
accurately separated, but that they can be traced back to a common thermodynamic framework,
namely the generalized defect-chemical concept (28), which is reflected in the spatial distribution
of ionic and electronic charge carriers. The entire Li* profile can be quantitatively given as a
function of the positional coordinate (x) with temperature, pressure, doping content (C) and Li-
activity ay; (cell voltage) as control parameters. The relevant materials parameters are the defect-
chemical mass action constants, which rely on the energetic properties of the electrode and
substrate. For dilute conditions at given temperature and pressure:

CLit = fet (X' aLi G u(e)on (SUbStrate)r ugon (TiOz), H?on (Tioz)) (4'7)

where the u°- parameters are the standard chemical potentials of the respective charge carriers

(here referring to conduction electrons and interstitial Li-ions).

This important point will be discussed later. In the next two sections the two most important
parameters (Li-activity (different degrees of storage) and doping content (substrate effects)) will

be addressed.

4.3.1.2 Different Degrees of Storage

Fig. 4.4 presents the results of area-specific storage capacity (Q/a) as function of thickness at

different degrees of storage (from 1.6 V to 1.0 V versus Li, TiO, on 0.5 wt% N-ST substrates). Fig.

4.4a gives the results for bulk (slope) and boundary values (intercept) for seven different
equilibrium voltages, which increase with increasing Li-activity. As both bulk and boundary
values depend differently on the Li activity (Fig. 4.4b), the ratio of the two storage capacities,
which are linked to each other, varies with Li content. The power laws for Q as a function of the
lithium activity (power: N) are different for bulk (N = 1/2) and for boundary (N < 1/4) from
the dilute thermodynamic framework, which will be addressed in detail later. The N-values,
measured and displayed in Fig. 4.4a, are evident to surpass the dilute limit (0.035 for the bulk and
0.021 for the boundary), due to the expected crystallographic and electronic saturation effects,

leading to a flattening of the Q(ay;) curve. Saturation will set in earlier for the boundaries owing

56



4. Lithium Storage in TiO2 Films

to the dilute exponents, and the tendency for the ratio is expected to be reversed, which is indeed

seen in Fig. 4.5.
(a) (b)
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N-ST interfacial storage
0.003 - 4 [ ]bulk storage
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< 14V | 2200 — |
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Fig. 4.4 Storage measurement: (a) Area-specific capacity (Q/a) as function of thickness at different degrees
of storage (TiO, on 0.5 wt% N-ST substrates). The bulk storage capacities (the slopes) are 2.26, 2.07,1.83,
1.51, 1.30, 1.13, 0.97 x 10° uC/cm® and the interfacial storage capacities (the intercepts) are
94,82,75,66,59,54,48 uC/cm? in the case of 1 V to 1.6 V versus Li, respectively. (b) Interfacial
(Qint/a) and bulk (gp kL, normalized to 1 nm) storage capacity as function of voltage (Li-activity). TiO,

films were deposited by atomic layer deposition (ALD).
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Fig. 4.5 The ratio of boundary and bulk storage as function of Li-activity (degree of storage). (TiO,on 0.5
wt% N-ST substrates). The numerical value of the gradient indicates non-dilute situations.

4.3.1.3 Substrate Effects

The effect of the electronic situation in the substrate, which affects the Li-uptake in TiO2, will be
addressed in this section. The mass action law for the bulk storage indicates that the Li-uptake
should decrease with increasing electron concentration already present in the material (c,,,) for
similar chemistry (similar mass action constants), due to the amount of active electrons being given
by c,(X) = choo + (Q(x)/F) (entropic effect, see following detailed discussion). This effect is
particularly relevant when it comes to interfacial storage using differently doped ST substrates (C).
As a result, the capacity should increase from more highly donor doped ST to lowly doped, from
donor doped to undoped, from undoped to acceptor doped (Fe doped SrTiOs (F-ST)). This is
impressively corroborated by experimental results (Fig. 4.6) displaying the same sequence for the
interfacial capacities. The bulk storage capacity stays constant due to same Li-activity. Regarding
higher donor doped ST, the typical set-up (Fig. 4.1a) was used, while a slightly different measuring
set-up had to be used (Fig. 4.1b) due to the poor electron conductivity of the pure or acceptor doped
ST. High doping contents may also effect the incorporation energetically (mass action constant),

which is discussed in the following paragraph.

58



4. Lithium Storage in TiO2 Films
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Fig. 4.6 Storage measurement: (a) Area-specific capacity (Q/a) as a function of thickness for differently
doped substrates (0.13 wt% F-ST, ST, 0.05 wt% N-ST and 0.5 wt% N-ST substrates) at 1V. The bulk
capacities (the slopes) are 2.40 x 10°, 2.27 x 10%, 2.23 x 10% and 2.20 x 10° uC/cm?® and the
interfacial storage capacities (the intercepts) are 161, 116,97 and 71 uC/cm? for 0.13% F-ST, ST, 0.05
wit% N-ST and 0.5 wt% N-ST substrates, respectively. (b) Interfacial (Q;n¢/a) and bulk (qpukL, normalized
to 1 nm) storage capacity for different substrates (pure and differently doped ST substrates as well as Ru
substrate). TiO, films were deposited by pulsed laser deposition (PLD) and molecular beam epitaxy (MBE).

Not surprisingly, the highest interfacial storage capacities are obtained if ST is replaced by Ru,
because Ru has expectedly a more favorable heterogeneous mass action constant, essentially due
to the lower energy for accepting excess electrons (ud,, (substrate)), resulting from the noble
character of the metal. The atom density of hexagonal close-packed Ru substrate is
1.58 x 10> cm™~2. The stored charge is calculated to be 250 uC/cm? if each Ru atom at first layer
takes up one electron, which exceeds the value measured (Figs. 4.6b, 4.7). The results for Ru may
be complicated by an oxidic monolayer (as observed in XPS), which would be expected to undergo
a local conversion reaction (113). Since the capacity of the dummy cell was subtracted (i.e., same

cell without TiO2), the results should nonetheless be reliable.
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Fig. 4.7 Storage measurement: Area-specific capacity (Q/a) as function of thickness for different substrates
(Ru and 0.5 wt% N-ST substrates) at 1 V. The bulk storage capacities (the slopes) are
2.31 x 10, 2.26 x 10° uC/cm?3 and the interfacial storage capacities (the intercepts) are 203 and 94 uC/
cm? for Ru and 0.5 wt% N-ST, respectively. TiO, films were deposited by atomic layer deposition (ALD).

To highlight the effect of the substrate (S) with respect to the capability to accommodate electrons
and hence to help interfacial storage, it suffices to consider small storage and to ignore the electric

potential drop. Applying the mass action law for
Li + V;(Ti0,) = Li;(Ti0,) + e'(S) (4.8)
referring to the outermost sites yields
ari * Knet = €io(Ti03) * ¢po(S) (4.9)

For simplicity, Gouy-Chapman layers are considered

Q x \/Cio(Tioz) = \/Cno(s) (4.10)
It follows that
ay;i * Kner & Q* (4.11)

For the same K},.; and the same ay;, Q is fixed if the background defect (index o) is neglected. If

this is not the case e.g., for the substrate side, then ¢, (x) = c,, + (Q(x)/F), whereby c,, is not
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negligible. Then Q must be smaller for given a;; and K;,... This is directly seen from Eq. (4.9). If

e.0., Cno = Cnoo» then ¢, (S) is almost unchanged and Q very small.

In order to drive this point home, a simple example characterized by a single-layer storage on both
sides is considered, assuming identical dielectric constants and dilute conditions. (Note that this is
not a realistic example since single-layer storage implies non-dilute conditions.) (114) Li* bulk
concentration on the TiO,, side is neglected, but the bulk electron concentration on the substrate
side is taken account of, that is fixed by the donor content (C). Then the condition Q(TiO,) =
Q(S) means that

Cno(8) — € = ¢;o(Ti0) (4.12)

Combination with Eqg. (4.9) leads to ¢,,4(S)(c,o(S) — C) = ay K., With the solution

2

C
Cno(s) = E + T + apiKpet

or

C? C
Q x Cno(s) —-C= T"’ ariKnet _E

If C is very large, Q=0. If C is negligible Q(C = 0) = Q, = /ay;iK.:. The effect of C on Q is
best seen if C is not negligible but small compared to 2,/ a;; K}, then the square root term can be

expanded and the following relation can be obtained as first approximation.

Q ¢ (4.13)

Q  2\/ariKne

Apart from this entropic effect, an energetic effect also needs to be considered. If the substrate is

heavily doped or even chemically changed, then Kj,.; has to vary since

0 (Ti0,)4 0
#1 (T102)+Hn(s) (4.14)

Kper < exp — T
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A lower electronic level ((free) energy) in the substrate (u3(S)) severely increases Kj,., and hence
Q at given ay;. This is the case where ST is replaced by Ru. More accurately, the density of states

in the conduction band of the substrate becomes important.

In this section, electrochemcial measurements of TiO2 thin films as fucntion of thickness were
performed, with the nature of the substrates and the degree of storage as control parameters. As a
result, bulk and boundary contributions have been precisely deconvoluted and a generalized
thermodynamic picture is obtained. Before moving to the electrochemical impedance sections, two

more points are emphasized here.

First, Nb2Os has also been investigated in a similar way, as a comparison to the TiO2 model system.
As shown in Fig. 4.9, the interfacial storage capacity of Nb2Os films is lower than that of TiO:
films. One possible reason is that bulk storage capacity of Nb20s is much higher than of TiOa. It
is not favorable to take up extra Li. The other possibility is that the contact of Nb2Os with N-ST
leads to a higher Nb content in S7 (at least close to the contact). The effective donor doping content

is then higher than 0.5 wt% at surface layer, leading to less interfacial storage.
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Fig. 4.8 Storage measurement: Area specific capacity (Q/a) as function of thickness for TiO, and Nb,Os
thin films (on 0.5 wt% N-ST substrates). The bulk storage capacities (the slopes) are 2.26,3.87 x 10° uC/
cm? and the interfacial storage capacities (the intercepts) are 94, 41 uC/cm? for TiO, and Nb,Os thin films,
respectively.

In order to clarify the reliability and accuracy of the presented measurements and data analysis,

more experimental details/results are given and explained as follows:

1. The electrochemical measurement cells were operated in the potential window 3 V - 1 V.
Therefore, solid electrolyte interphase (SEI) formation is not expected (115, 116), which should
have a negligible influence on the analysis of storage capacity. Experimentally, SEI is not observed
by TEM.

2. Should interfacial charging of electrolyte/positive electrode (substrate or TiO2) play a role, it is
expected that the double layer capacity of the dummy cell (electrolyte/substrate interface) is higher
than that of the measurement cell (with TiOz thin films, electrolyte/TiO: interface), which could

lead to an even higher interfacial storage value.

3. Reliable and precise storage capacity measurement is key for deconvoluting bulk and interfacial
storage. The optimized measurement details are given in “Materials and Methods” section. Some
measurements were repeated up to 5 times using different films to confirm data reproducibility.
For example, five dummy cells (with ST substrate) were measured using a current of 200 nA under

a potential window of 3 V - 1V, giving a capacity of (230 + 13) uC (the scatter is less than six

63



4. Lithium Storage in TiO2 Films

percent, see Table 4.1). All the other dummy cells (0.5 wt% N-ST, at different voltages) give
capacities with a less than seven percent scatter (Table 4.2). Similarly the electrochemical cells
(with TiO2 films) were measured reliably with a scatter of less than four percent (e.g., Fig. 4.9 and
Table 4.3a, b, ¢). As Fig. 4.9 (see also Table 4.3a, b, ¢) shown, for each thickness (including pure
substrate), at least two samples were measured, which are almost identical, indicating the
reliability of storage capacity measurements. Overall, considering the three contributions for the
errors: a) reproducibility and precision of the measurements (the error is less than 4%), b) accuracy
of the linear regression, and c¢) subtraction of the blank value (the error is less than 7%). As a result,
the determination of the interfacial contribution has a sufficient significance (average less than

30%). The bulk contribution shows a minor inaccuracy of about 1-3% (Table 4.4a, b, c).

4. As discussed in Chapter 3, TiO2 thin films were deposited by three methods (ALD, PLD and
MBE). ALD turned out to be appropriate only for highly donor doped substrates (0.5 wt% N-ST).
In terms of lowly donor doped, un-doped and acceptor doped ST substrates, there is always an
amorphous layer between substrate and TiOz thin films (Fig. 4.10). PLD and MBE turned out to
be the adequate techniques to prepare TiOz thin films on all ST substrates (highly donor doped,
lowly donor doped, un-doped and acceptor doped ST substrates). In this thesis, TiO2 thin films
deposited by the same method were used to investigate a single effect whenever it is possible. (e.g.,
the films deposited by ALD were used for the study of effect of different storage degrees and the
ones deposited by PLD for the substrate effects study). When the storage capacity results are
compared, the bulk values are identical; the boundary values differ to some degree (the values
from ALD samples are a bit higher than those from PLD samples). This is expected as the quality
and detailed nature of the surface depend on it. Whenever there was the possibility to compare

under same conditions, it was found that the variation is within the inaccuracy for a given method.

In addition, thickness control and measurement are equally important. All three techniques (XRR,
profilometry, TEM) give consistent results of deposited films (Fig. 3.12 and Table 3.2). GIXRD
and XRR results evidence high quality of TiOz2 thin films (on differently doped ST substrates) and
confirm the reliability of film deposition (Figs. 3.9 - 3.11).

5. In the voltage range of interest, RuOx on the surface of Ru metal should be converted to Ru and
Li20 so that in addition to Ru/TiO2 interfaces, one has to consider Ru/Li20 interfaces. The latter

contribution should cancel in the subtraction of the dummy results.
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Table 4.1 Dummy cell capacity of differently doped ST substrates at 1 V.

Capacity/uC Average/uC
0.5wt% N- | 0.1 wt% N- | 0.05 wt% N- N-ST 0.13 wt% F-
ST ST ST ST
221 225 234 251 217 230 £13
Table 4.2 Dummy cell capacity of 0.5 wt% N-ST at different voltages (1.4 - 1.6 V).
Dummy cell Capacity/uC
1.4V 15V 16V
1 45 37 30
2 44 37 30
3 40 33 27
4 41 34 28
Average 424+ 2.6 35.1+2.2 28.7+1.7

Table 4.3a Storage capacity of TiO; films (deposited by ALD) of different thicknesses (on 0.5 wt% N-
ST)at1V. The error is less than 4%.

TiO2 thickness Capacity/pC
1.9 nm 4.5 nm 9.1 nm
Sample 1 490 1130 2170
Sample 2 510 1090 2180

Table 4.3b Storage capacity of TiO. films (deposited by ALD) of different thicknesses (on 0.5 wt% N-
ST)at 1.2 V. The error is less than 2%.

TiO2 thickness

Capacity/uCat 1.2 V

N-ST 1.1 nm TiO2 4.5nm TiO2
Sample 1 59 330 973
Sample 2 62 328 979

Table 4.3c Storage capacity of TiO, films (deposited by ALD) of different thicknesses (on 0.5 wt% N-
ST)at 1.6 V. The error is less than 2%.

TiO2 thickness

Capacity/uCat 1.6 V

N-ST 3.5nm TiO2 4.5nm TiO2
Sample 1 30 414 533
Sample 2 30 409 529
Sample 3 27
Sample 4 28
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Fig. 4.9 Discharge curves (voltage vs. capacity) of dummy cell (with 0.5 wt% N-ST) and TiO- thin films
(on 0.5 wt% N-ST substrates) at 1.2 V (a) and 1.6 V (b). For each thickness (including pure substrate), at
least two samples were measured, which are almost identical, indicating the reliability of storage capacity
measurements. It is obvious that the respective data points fall on the same line.

Table 4.4a Bulk storage capacity (the slope, qyx) and interfacial storage capacity (the intercept, Q;,:/a)

of TiOthin films at different degrees of storage (voltage, Li-activity) (TiO, (deposited by ALD) on 0.5 wt%
N-ST substrates).

Voltage (Li- Bulk storage capacity (the Interfacial storage capacity (the
activity)/V slope)/ uC/cm3 intercept)/ uC/cm?

1.6 0.97(40.03) x 10° 48+19

15 1.13(£0.06) x 10° 54+16

1.4 1.30(£0.03) x 10° 50+16

1.3 1.51(+0.03) x 10° 66116

1.2 1.83(40.03) x 10° 73+19

1.1 2.07(£0.01) x 10° 82+8

1.0 2.26(+0.02) x 10° 94+15

Table 4.4b Bulk storage capacity (the slope, q,u1x) @nd interfacial storage capacity (the intercept, Q;n:/a)
of TiO20n 0.5 wt% N-ST and Ru substrates at 1 V (TiO- thin films were deposited by ALD).

Substrate Bulk storage capacity (the Interfacial storage capacity (the
slope)/ uC/cm?3 intercept)/ uC/cm?
0.5 wt% N-ST 2.26(40.02) x 10° 94415
Ru 2.31(40.01) x 10° 203+8
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Table 4.4c Bulk storage capacity (the slope, qpqx) and interfacial storage capacity (the intercept, Q;n:/a)
for TiOz thin films on differently doped substrates (0.5 wt% N-ST, 0.05 wt% N-ST, ST, 0.13 wt% F-ST) at
1V (TiOzthin films were deposited by PLD and MBE).

Substrate Bulk storage capacity (the Interfacial storage capacity (the
slope)/ uC/cm3 intercept)/ uC/cm?
0.5 wt% N-ST 2.20(£0.02) x 10° 71111
0.05 wt% N-ST 2.23(+0.02) x 10° 97+12
ST 2.27(+0.05) x 10° 116420
0.13 wt% F-ST 2.40(+0.04) x 10° 161429
Low magnification image STEM-ADF image STEM-ABF image
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Fig. 4.10 Atomic-resolution HAADF-STEM images (along the cross-sectional direction) of TiO, sample
deposited by ALD (on lowly Nb doped ST substrate (0.05 wt%)). There is an amorphous layer between
substrate and deposited TiO; thin film.
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4.3.2 Electrochemical Impedance

Charge redistribution at the interface region also plays a very important role for the transport
properties. Therefore, bias dependent impedance measurements (across the interfaces) are
performed, yielding interfacial resistance as well as interfacial capacitance, to investigate the
interfacial contributions. The results of battery capacity measurements show that space charge
effects at the Ru/TiO2 interface are more pronounced, leading to a higher interfacial storage
capacity. Consequently, in terms of the perpendicular electric measurements the most resistive

interface is the Ru/TiOz interface (see the cell arrangement given in Fig. 4.11).

| Ru

LigTiO,

Nb:SrTiO;

Ru

Fig. 4.11 Sketch of specially designed test cell for bias dependent impedance measurements.

To evaluate the response of resistance and capacitance as a function of bias, Li-interstitials (i) and
excess electrons (n) are referred to and a Gouy-Chapman profile is considered. Both defects are in

spatial equilibrium. In the TiO, bulk, ¢, (TiO;) = ¢ (Ti0,) = c,. Owing to
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Cix (TiO0,) _ Coo _ e_F(¢R_7("l)°°) (4.15)
Coo Cnx (Ti03)
the integral of ——leadsto
cnx(TiO2)
) ! d ! [ ¢;,(Ti0,)dx = 22 ! J¢io(TiO,) 2 (4.16)
——————dx = — ] c;,(Ti X = 2A—+/¢;o(Ti03)cCo = :
Cnx (TIOZ) Cgo = 2 Cgo 0 2 1/ CnO (TIOZ)COO

Normalizing the resistance with respect to the area (i.e., defining Z+ = R*A), the excess

resistance can be obtained (7) as

AZ* = 242 9 4.17
" Fucy,1+9 (417)

co\1/2

where the parameter 9 = —*~-—, u is mobility.
‘o

+1
Coo

In the extreme case of pronounced depletion, it follows that

2&RT

L _ A7l —
AZ+ =Ny = T

(4.18)

where € = g,.¢,. If the bias voltage 7 is applied, the concentration as a function of bias can be

obtained as follows:

F — P
m: Con€XP (¢gRT¢)

F (¢, —¢oo)ex Fn
2RT PoRT

= ,/Cxexp (4.19)

where ¢, — ¢, is the potential difference existing at equilibrium. Then the resistance can be

obtained as
22 F((?)T) - d)oo) F77
Zt=pAZ7l = ——— - 77 -
Fu,co P 2RT P T RT
F
=Z+(m = 0)exp — - (4.20)
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ZJ_
aln—Zl(n=0) _l
_En 2

RT

which gives the square root dependence with regard to resistance response as a function of bias.

Regarding space charge capacitance, in terms of Gouy-Chapman profile, p =

n ZE(@—¢e)
RT

—|z|F cesin , which results in space charge capacitance C* o cosh 'Z'F(Z’T"ZM. The

space charge capacitance can be obtained as (7)

Co & P @0 —¢) & o 12IF(n—17)

- _¢ _ 421
2 2RT 7 2RT (4.21)
where n* = —(¢o — Poo)-
For large (¢pg — o) (IFn| > RT), it leads to
g @—9) e lzlF( —nT)
22 &P 2RT — 1 P 2RT
£ _NzIF(¢o — b))  _lzIFn
=g P 2RT Pt gy
Ctn=0) _lz|Fy
- =7 422
e Pt oer (4.22)

CJ.
aln—cl(n =) _l
_|z|[Fn 2

0+ RT

which also gives the square root dependence.

Let us come back to the discussion of the results. Bias sweep DC measurements (across the
LigTiO,/Ru interface, Fig. 4.12) corroborate the model presented in this work: Li is accumulated
at the TiO, side, while electrons are depleted. On the Ru side, electrons are accumulated. For
positive bias (positive at Ru side) the space charge splitting is decreased, leading to a decrease of

impedance, for negative bias (positive at LigTiO, side) the impedance increased.
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Fig. 4.12 Bias sweep measurements (across the LigTiO,/Ru interface). For negative bias (positive at Ru
side) the space charge splitting is decreased, for positive bias (positive at LigTiO, side) increased.

More conclusive results are obtained from bias dependent impedance measurements (Fig. 4.13),

which indicate electronic depletion layers in TiOzaccording to the presented model. The resistance

1
dln———
result in Fig. 4.13c follows accurately the expected square root dependence (#’],:0) = %) before

RT

saturation effects become perceptible. In fact, the whole bias range (five regimes) can be well
explained based on the presented space charge model as shown in Fig. 4.14: (1) When a positive
bias is applied at Ru side, the space charge splitting is decreased and the space charge potential
decreases. The impedance change follows the square root dependence; (2) The initial equilibrium
state is obtained for a zero bias (charge redistribution at interfaces forms equilibrium built-in
potential); (3) When a negative bias is applied at the Ru side, the space charge splitting is increased

and the space charge potential increases, leading to an increased impedance; (4) The resistance
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does not change on varying bias due to saturation effects. (5) For large negative bias at the Ru side,

the resistance begins to decrease because Li" ions could be forced to migrate to Ru side.

(a) - + no bias + -
I} Li; Lif
r1 =1
LisTiO, Ru LigTiO, Ru LisTi0, Ru
(b) 5)(105 T T T T T (C) 2 T T T 'no lt)la'S T T T

30 °C :

4x10° - | 04 : 1
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Fig. 4.13 Impedance measurement (perpendicular to the interface). (a) Charge carrier concentration profiles
(across the LigTiO,/Ru interface) as a function of bias. (b) Impedance spectrum. (c) Resistance as a function
of bias. For negative bias (red) the space charge splitting is decreased, for positive bias (blue) increased. At
positive bias saturation effects occur. The resistance decreases for large positive bias.
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Fig. 4.14 Impedance measurement. Resistance response as a function of bias (five regimes).

The space charge capacitance can also be extracted from impedance measurements. As far as the
evaluation of the interfacial electric capacitance (Fig. 4.15) is concerned, various interfaces
(LigTiO,/Ru and LigTiO,/N-ST interfaces comprising a series of capacitors) might contribute. In
fact, the smallest one is dominant and the response from one capacitor might be compensated by
the others. As a result, the rather low bias dependence can be explained (the slope is 0.1, which is

smaller than 0.5).
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Fig. 4.15 Impedance measurement (perpendicular to the interface): Capacitance as a function of bias.

As a control experiment, the pure TiOz sample (Li-free, same thickness) on 0.5 wt% N-ST substrate
has also been measured. The impedance is on the order of 100 Q (Fig. 4.16), which is much lower
than that when the pronounced space charge effects are present (lithiated sample (LigTiO,)), which
is another strong evidence that space charge effects play an important role in this investigated

system. Again, the nice features of the impedance spectrum and good data quality indicate that the

investigated model system is of high quality.
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Fig. 4.16 Impedance measurement spectrum (perpendicular to the interface) of (Li-free) TiO; on 0.5 wt%

N-ST substrate at different temperatures.
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The space charge model proposed in this study is clearly corroborated by bias dependent transport
measurements: Li is accumulated at TiO, side, while electrons are depleted. At the side of an
electron-accepting substrate, electrons are accumulated. The results (especially the resistance data)

are fully in accord with the theoretical prediction.

4.3.3 Electron and Li Distribution Obtained by STEM and EELS

The storage capacity of lithium in TiO2 as a function of thickness for various electron-accepting
substrates as well as different degrees of storage has been measured precisely, from which
contributions from bulk and boundary storage were deconvoluted precisely. Supplemented by bias
dependent impedance measurements, the proposed space charge model is evidenced. In order to
determine electron and L. distribution using independent techniques in addition to electrochemical
measurements, STEM and EELS measurements were performed. Atomic-resolution HAADF-
STEM images of lithiated samples (Fig. 4.17) show that the investigated TiOz thin films keep good

crystalline quality after electrochemical lithiation.

(a)

Fig. 4.17 Atomic-resolution HAADF-STEM images of lithiated samples across the interfaces: (a)
Li,,TiO,/N-ST and Li,, TiO,/N-ST. TiO; thin films were deposited by MBE.
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Moreover, atomic-resolution EELS maps of the constituent elements (Fig. 4.18a, 4.18e and 4.18i)
clearly indicate that the interfaces between LigTiO, and N-ST under concern stay atomically sharp
after lithiation. The detailed characteristics of the O-K and Ti-L2,3 edges (Fig. 4.18b, 4.18f and
4.18j) appear to vary noticeably in different regions (from the LigTiO, bulk, across the interface,
to the N-ST bulk). Especially near the interfaces, O-K edges change abruptly from the LigTiO,
side to the N-ST side. At the interface of Lio.aTiO2/N-ST, the degree of splitting in the Ti-L23 peaks
is less prominent, accompanied by a downward shift of the Ti-Ls peak (to lower energy), indicating
variations in the electronic structure and bonding states. The analysis of energy-loss near-edge
structure was performed based on the Ti-L23 edges (Fig. 4.18d, 4.18h, and 4.18l) to quantitatively
assess the evolution of the Ti valence state across the interfaces. In the case of low storage (Fig.
4.18h), the Ti valence in TiO2 bulk is +3.9 and increases close to the boundary region owing to the
electronic depletion. In the interface region of the N-ST side, the valence is lower than +4 near the
interface (electronic accumulation) and increases towards +4 as it approaches the bulk. Regarding
the case of large storage (Fig. 4.18l), the same trend is obtained, herein the Ti valence transitions
from +3.6 to +4 when being from the bulk of LisTiO,, across the interface, to the bulk of N-ST.
The Ti valence variations (attributed to charge redistribution at the interfaces) exactly reflect the
storage model: electrons accumulate at the N-ST side and deplete at the LigTiO, side, while Li

accumulate at the LigTiO, side.

Furthermore, the fine structure EELS results explicitly demonstrate the Debye screening length in
terms of the N-ST side, which is shown to be slightly larger than 1 nm (Fig. 4.18h and 4.18I) for
both lithiated samples (Li, ,TiO,/N-ST and Li, ,TiO,/N-ST). It is worth noting that the calculated
Debye screening length in 0.5 wt% N-ST is 1.1 nm, which is impressively consistent with the EELS
results. In contrast, the interfacial effect on the TiOz2 side is very short-ranged owing to very high

bulk concentration, which is less than the atomic spacing for both samples (Li, ,TiO,/N-ST and

Li, , TiO,/N-ST).
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Fig. 4.18 STEM and EELS measurements. (a), (e), (i) STEM-EELS elemental maps across the interface of
TiO,/N-ST, Li, , TiO,/N-ST and Li, ,TiO,/N-ST, respectively. (b), (f), (j) EELS line scan across the interface

of TiO,/N-ST, Li,, TiO,/N-ST and Li,,TiO,/N-ST, corresponding EELS spectra of Ti-L»3 and O-K edges

(e), (9), (k) from four different regions (substrate, substrate-side close to the interface, TiOz-side close to
the interface, TiO>), and fine structure analysis of Ti-L,3 edges (d), (h), (1) across the interface. (m), (n)
EELS spectra of Li-K edge at the N-ST side and lithiated TiO- side. The doping content (Nb) of ST substrate
is 0.5 wt%. TiO thin films were deposited by MBE. These experiments have been performed by
Hongguang Wang in the “Stuttgart Center for Electron Microscopy (StEM)”. See also Refs. (114, 117).

The abovementioned results clearly indicate the electron distribution, based on which Li
distribution is reflected indirectly. In fact, the intercalated Li has also been identified in the ABF

image of lithiated sample LisTiO, (as indicated by green arrows in Fig. 4.19b) compared to pure
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TiO2 (Fig. 4.19a, anatase structure). ABF results of N-ST do not show any change after lithiation,
indicating the absence of Li (see Fig. 4.20). More impressively, EELS spectra of Li-K edge for
lithiated samples unambiguously demonstrate the presence of Li signal in TiO2, but not in N-ST
(Fig. 4.18m and 4.18n), which is consistent with ABF results and in agreement with the space
charge model (as shown in Fig. 4.21 (bottom)). Owing to the interference of Ti signal, a more
quantitative evaluation is not possible. The signal intensity of Li-K edge at the interface region
seems stronger than that in the bulk, which might evidence that there exists more Li at the interface

(Li accumulation).

(a)

i ¥s gt :
. . : 5 - 5

. - s

] -1352- - oh »

-..Oo B T R o‘.
TiO,

Fig. 4.19 ABF images of TiO; (a) and Lio1TiO2 (b). TiO> thin films were deposited by MBE. These
experiments have been performed by Hongguang Wang in the “Stuttgart Center for Electron Microscopy
(StEM)”. See also Refs. (114, 117). (blue spheres: Ti, red spheres: O)
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Fig. 4.20 Simultaneously-acquired HAADF and ABF images for lithiated samples Lio4TiO;, (a) and
Lio1TiO; (b) at the interfacial region (across the LigTiO,/N-ST interfaces). TiO, thin films were deposited
by MBE. These experiments have been performed by Hongguang Wang in the “Stuttgart Center for
Electron Microscopy (StEM)”. See also Refs. (114, 117).
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The STEM and EELS results clearly corroborate the space charge model in this study. Combining
the electrochemical storage and transport results, bulk and boundary contributions are precisely
decoupled, leading to a generalized thermodynamic picture (unification of bulk and interfacial

storage).

4.3.4 Generalized Picture: Unification of Intercalation Electrode and

Supercapacitor Storage

Contributions from bulk and boundary storage were deconvoluted precisely based on the
aforementioned electrochemistry and electron microscopy results. Such experimental
investigation allows for deriving the entire profile, which can be quantitatively given as a function
of the positional coordinate (x) with temperature, pressure, doping content (C) and Li-activity (cell
voltage) as control parameters. A common generalized thermodynamic model (see Fig. 4.21) is
obtained by unifying the bulk and interfacial defect chemistry into a generalized thermodynamic

framework.

bulk storage supercapacitive storage

log ¢
=
log ¢

a 00

X, X X
LisTiO, NsT P ¢ 00x5m ™

LigTiO, N-ST

generalized storage picture

X, X
LigTi0; 00 NST p

Fig. 4.21 The charge carrier concentration profiles for bulk storage, supercapacitive storage and generalized
storage for TiO», here contacted with N-ST highlight the basic message of the contribution. For the sake of
illustration, different scales are used for x, and xg. Owing to the much smaller Debye length in LisTiO,
the space charge zone (not more than one unit cell even for the smaller § ~0.1) is much narrower than for
N-ST.
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For the sake of clarity, Li-interstitials (i) and excess electrons (n) are referred to, and dilute

conditions are considered.

Then the equilibrium space charge profile can be written as

_ X 2
Cioo (T, C, ;)

X
_1 —9;(T,C,ar)exp — AT, C,agy)

- -1
_ [T, C an) (4.23)
I Cnoo (T' C: aLi) '

C is the effective dopant concentration (7).

The parameter 99 measures the impact of the neighbouring phase (substrate (S)) and is correlated

with c(x = 0) = ¢, as

(@)“ 2_4
Cioo
(ﬂ) +1
Cico
The two parameters c,, and c, can be obtained as follows:
If i and n are the defects of relevance

Cio " Cnoo = K - ay; (4.25)

whereby K is the mass action constant of Li incorporation into the bulk

Li + V;(Ti0,) = Li;(Ti0,) + e'(Ti0,) (4.26)

w1 (Ti02)+ud(Ti0y)

o , where p° is the standard chemical potential.

It is given by exp —
Owing to electroneutrality

Cioo = Cneo = /K " ay; (4.27)
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4. Lithium Storage in TiO2 Films

If association is ignored, the same results for the total Li-concentration in the bulk, which is

proportional to g. Then g o< K/2a!/? iis obtained.
The boundary concentration c, can be obtained as follows:
Here heterogeneous Li-incorporation is considered, and it is formulated as
Li + V;(Ti0,) = Li;(Ti0,) + e'(S) (4.28)
In equilibrium
Cio(Ti02) * €o(S) = Kper -y - @ (4.29)

where & (=exp—F M)TW(S’O)) stands for the electrical field effect between the two

R

outermost layers in TiO2 and substrate, which is determined by the electrical potential drop

between these outermost layers. The heterogeneous mass action constant Kj,, is given by

9(Ti 0 . .
exp — W' Again, association is ignored. (6, 40)

As dilute effects are considered, & is considered as a constant. Instead of local electroneutrality,

only global electroneutrality is valid, leading (for the same dielectric constant) to c;y = ¢, as
Q; x \/a and Q,, « m for Gouy-Chapman profiles on both sides. The same result is also
obtained if both phases exhibit single-layer storage, i.e., Q; < c;o, @ % cyo (For other cases, cf.
Ref (40)). If e.g. Gouy-Chapman profiles are relevant for both sides, Q;,; « ﬁwhile Cip =
Cno = r/Knetar;@ and hence Qu, « K,/ al/*, while g « K/2a}/* is obtained for the bulk.

Therefore, different power laws for the stored charge (Q;,: or q) as a function of the lithium
activity (power: N) is expected, where N < 1/4 for boundary and N > 1/2 for bulk. Hence the

ratio of boundary and bulk storage depends on the degree of storage. For dilute conditions, this

ratio then follows a power law with a power smaller than -1/4.

For higher concentrations, activity coefficients for ions and electrons are to be considered due to
long-range interaction and saturation effects as well as association effects. Furthermore, the

variation of & becomes important.

For details and extensions, see Refs. (6, 7, 28, 40, 118).
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4. Lithium Storage in TiO2 Films

Since the mass action constants are determined by the standard reaction free energies, ultimately
the standard chemical potentials of e’ in TiO2 and in substrate as well as the standard potential of
the Li*-defects in TiO: are the only materials constants needed, and the entire profile follows from
them given the thermodynamic control parameters.

In this thesis, TiOz2and Nb20Os thin films, which have well-defined geometry and are of high quality,
have been used as the model system to study the fundamental issues related to charge storage and
transport in solids. In addition to the main text of the thesis, two other fundamentally important
investigations are worth mentioning here. First, bias-dependent resistance and capacitance
measurements across the LixTiOz/electronic conductor interface have also been operated at
“frozen-in” temperature. The classic Mott-Schottky profiles are not only unrealistic in most cases,
they are also hard to establish. The frozen-equilibrium approach provides a way to improve beyond
the Mott-Schottky model. Second, cyclic voltammetry (CV) measurements under wide range of
sweep rates using TiO2 and Nb2Os thin films of different thicknesses were also performed, which
allows for testing and correcting the cyclic voltammetry method for solid state. The classical
analyses are based on liquid-state electrochemistry. For solid state, however, the analysis must be
modified to account for fundamental differences between solid-state and liquid-state storage. All
these fundamental studies are very relevant to energy-related application. Even though they are
not belonging to the focus of the thesis, they are fundamentally interesting and important. For the

details, one should refer to the upcoming publications (119, 120).
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5
Conclusions

The present study comprehensively investigates the general view of storage in a mixed conductor
(general materials case). This leads to a unification of battery intercalation electrode and
supercapacitor concepts, which are unnecessarily considered as two separate phenomena.
Following and extending the quantitative concept of job-sharing storage, a generalized picture that
includes bulk and space charge storage (intercalation electrode and supercapacitor storage) is

developed.

In the first part of the thesis, the history and developments of space charge theory are reviewed,
from liquid electrochemistry to solid-state ionics. A variety of problems and shortcomings with
the classic continuous Gouy—Chapman solution that occur for pronounced space charge potentials
are discussed. Besides the inherent problems of internal consistency (identifying the mean
potential appearing in Poisson’s equation (potential not changed by a spy-particle) with the
potential of mean force appearing in the Boltzmann expression (potential referring to the
distribution that self-consistently includes the particle)), it is essentially the extremely steep profile
close to the interface which makes this continuum approach questionable when the space charge
effects are pronounced. In addition, involving crystallographic details and non-idealities close to
the interface in realistic solids into the classic continuous solution is unfeasible. Therefore, in this
context, it is extended in terms of discrete modeling of space charge zones in solids, which reveals
details on the difference between space charge capacitance and measured capacitance. This
difference is not completely removed by a Helmholtz correction, in more precise terms also an
inherent small shift of the centroid of charge has to be considered. More importantly, in the
discretized zone (first layers), knowledge from atomistic modelling or experiments about non-
idealities (such as energetic variations owing to structural or elastic effects, variations in the

dielectric permittivity or saturation effects) can be included in a straightforward way. MgO and
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SrTiOs examples clearly show how discretization combining with the continuum description is
utilized to handle non-idealities in realistic solid-state system by inserting the calculated data (e.qg.,
from DFT). Hence, a more realistic space charge picture is obtained. Simultaneously, the
discretization is relevant for the electrochemical storage systems under concern in the core part of
this thesis (TiOz2), where the significance of single-layer storage is stressed during the analysis. In
this way a more precise definition and demarcation of electrode and double layer capacity is
achieved.

The core part of the thesis investigates the unification of bulk storage and interfacial storage by
carefully investigating the storage of lithium in titania films as a function of thickness.
Complemented by bias dependent impedance measurements, STEM and EELS measurements,
the generalized picture including bulk and interfacial storage, in terms of charge carrier
concentrations as function of spatial coordinate with cell voltage and substrate conditions as

parameters, is obtained.

First, the investigated model TiOz2 thin films on various electron-accepting substrates such as Nb
doped SrTiOs (N-ST), undoped SrTiOs (ST), Fe doped SrTiOs (F-ST), Ruthenium have been
deposited utilizing three methods: atomic layer deposition (ALD), pulsed laser deposition (PLD)
and molecular beam epitaxy (MBE). Various techniques including x-ray diffraction (XRD),
transmission electron microscopy (TEM), electron energy loss spectroscopy (EELS), atomic force
microscopy (AFM) and X-ray photoelectron spectroscopy (XPS) have been applied for the
characterization. One of the key parameters in this context is the film thickness, which has been
determined accurately using x-ray reflectivity (XRR), TEM, stylus profilometry. All the three
techniques show consistent results. Well-prepared TiOz films with sharp interface and precise
thickness control are obtained for the electrochemical experiments and electron microscope

measurements.

Second, the battery storage capacity measurements of TiOz thin films as a function of thickness
are performed, with Li-activity (cell voltage — different degrees of storage) as well as the nature of
substrates (electronic situation in the substrates) as control parameters. The precise thickness
dependent storage capacity measurements allow for deconvoluting bulk (the slope) and interfacial
(the intercept) storage with high accuracy. In terms of different degrees of storage, both bulk and

boundary values depend differently on the Li activity (degree of storage). Consequently, the ratio
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of the two linked storage capacities varies with Li content. This ratio was shown to be significantly
beyond the dilute limit. The expected crystallographic and electronic saturation effects lead to a
flattening of the Q(ay;) curve. As extrapolated from the dilute situation, saturation will set in earlier
for the boundaries, leading to a reversed tendency for the ratio. The effect of the electronic situation
in the substrate, which affects the Li-uptake in TiOz, is corroborated by the experimental results,
too. From more highly donor doped ST to less doped, from donor doped to undoped, from undoped
to acceptor doped (F-ST), the storage capacity increases owing to the decrease of electron
concentration already present in the substrate (increasing the capability for accepting excess
electrons). Highest interfacial storage capacities are obtained by using Ru substrate, because Ru
has a more favorable heterogeneous mass action constant, essentially due to the lower energy for
accepting excess electrons. This thermodynamic prediction is in accord with the experimental

results.

The proposed space charge model is clearly corroborated by bias dependence transport
measurements, where the bias dependent resistance of the dominating interface (LigTiO,/Ru)
exactly follows the theoretical square root dependence. The interfacial capacitance follows a
similar trend, however, with a lower bias dependence, due to possible contributions from various
interfaces. In combination with aberration-corrected scanning transmission electron microscopy
(STEM) and electron energy loss spectroscopy (EELS) measurements, accurate spatial
information on electron and L.i distribution is obtained, which reproduces the space charge model:
Li is accumulated at the TiO, side, while electrons are depleted. At the side of an electron-

accepting substrate, electrons are accumulated.

As a result, not only bulk and boundary storage contributions are precisely decoupled, but they
can be traced back to a common generalized thermodynamic conception, leading to a unification
of battery intercalation electrode and supercapacitor concepts. In fact, by taking account of the
(free) energies of the electronic carriers in TiO2 and the substrate as well as the formation (free)
energy of the Li-ions in TiOz (three bulk materials parameters) as control parameters, the entire
profile including interfacial and bulk effects can be derived. This treatment that unifies bulk
intercalation and supercapacitive storage mechanisms provides a way of better understanding and

mitigating the energy and power density conflict of storage devices, which becomes particularly
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important for nanoionic systems. It is hoped that this may form the basis of building a bridge

between the two important fields.
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Appendix |

Poisson-Boltzmann equation Eq. (2.2) can be obtained by combining Poisson’s equation and

Boltzmann distribution

—Fzm(P—Poo)
RT

Vip = " ZimCrmoo € (A.1.1)
iating 2% — ae i af _ dfdé _ df i
Abbreviating == f, then —z can be rewritten as s dpdr d¢f and equation (A.l.1) can
be rewritten as
F —Fz (d) - d)oo)
ffdf = —afZchmwexp< mRT ) do (A.1.2)
m

Considering the boundary condition ¢(x = ) — ¢, = 0 = f(x = o), it yields

d 2RT —Fzp (¢ — doo
o BT ) e

For the case of monovalent defect, the term in the bracket of Eq. (A. 1. 3) can be rewritten as

. (exp (—F<¢ - ¢>oo)> 24 exy <F(¢ - %)))
me RT RT

2
2 —F(¢p — ¢ F(¢p — ¢
= (,/cmoo) (exp <%> — exp (%)) (A.1.4)

and then

d 2RT
—g =— /a(\/ci(x) — \/cv(x)) (A.1.5)

2
The total stored charge thus can be obtained, according to Poisson equation (p = —¢g, %} and

the boundary condition % = 0, by integrating the charge density fromx = 0to x = oo

Q = [ p(x)dx = \[2e5,RT (\/c;(0) — /¢, (0)) (A.L6)
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Regarding conductance and resistance, in a measurement parallel to the interface it is the
conductance Y (conductance per area) that is of significance. Assuming a negative excess charge
on the metal side, then singly-charged anion vacancies as the positive charged defects are enriched
and the negative carriers, singly-charged cation vacancies, are depleted. When measuring the
excess conductance parallel to the interface, the focus of the interest is a situation where the excess
conductance stems from the first. If the effects are significant, then Y can be approximated by the
total excess charge, and in this case, there is no distinction between the continuum and the discrete
description, as long as the continuous profile is adequately chosen. As demonstrated in the text, a
continuous profile that starts exactly at the first layer (i.e. x = x" = 0) results in a lower total
charge. In a measurement perpendicular to the interface, the most interesting case is a situation,
where the depleted carrier possesses the highest mobility, such that it determines the normalized
resistance Z+ (1/Y%). Due to the fact that

=eV (A.1.1)

and hence Y! « [ c,dx = | Cidx o Z+, The same conclusion can be drawn for Z+ (resistance

timesarea). In Eq. (A.11. 1), % has been abbreviated by i to simplify the notation. Once x — x’ =

%, differences between conductances (resistances) for the two models occur only if the respective

counter carrier is of significance (i.e. rather small |]).
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Appendix 11

L 0x2+1x1 1

a 3 3
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a 0 a 2a

Fig. A 11l. 1 A few simple examples for centroid calculations.
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Appendix IV

To compare the discrete with the continuum model, it is very illustrative to first use the well-known
exponential limit of the Poisson-Boltzmann equation that follows for || <« 1. This approach is

useful for the following reasons:

Q) The exponential solution is simple to test.

(i) It does not have any consistency issues since it corresponds to a linear relation between
and p which fulfills the superposition principle of electrostatics.

(iii)  Even for large effects, one can handle the first layers discretely such that the remaining

part is, to be a good approximation, exponential.

Regarding the Debye-Hdckel approximation, for small || it holds that

§—+=e‘¢z1—1/) (AIV.1)

due to the constancy of the electrochemical potential fi, (equilibrium) and of the standard potential

ul (structure uniformity).

Coupling with Poisson’s equation demands

V2 = 1 (A.1V.2)
= V.

RTegg
2F2¢q

with A=

giving rise to the indicated solution Y = yY,e” 2.

All the individual concentrations and concentration changes (the same holds for the charge density)

are proportional to y and exhibit exponential variation with position:

a1+ ! AIV.3
Coo_e ~ Itb~1_lp (' ')
L A.1V. 4
== (A1V.4)
C_ —Cyp Cy —Cxp
A Y (A.1V.5)
C_o Coo IIJO Cio ~ Co
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— =Cy —C_ = —2CY (A.1V.6)

For the discrete model, as the charges at x’ = 0, a, 2a, ... can be given as q; = goe” %, the total

a
charge follows as geometrical series, which due to e 2 < 1, converges, hence

fo]
Il
=
Il
K
o
[

IN
>
Il

S
o

=Y

~ie

i=0 i=0 1 —e
! G0t 142 (A.1V.7)
= qO a Py ' '
(1% a 24
1-(1-3)

The solution for the total charge obviously is larger by % . (The only profile that hits the discrete

points and yields the same total charge is a sectionally linear profile.) The shift by % when
compared to 1 disappears in a rougher approximation, resulting in the same result as the continuous

solution.

To compare the continuous and discrete distributions for the same Q, two possible options are

available: introducing a different 4 (= A(1 + %)) or utilizing a different q.

€€0RT
2F2%¢q

The first option is inadequate as the screening length A is defined by bulk parameters (

).
The second way provides a very insightful possibility. The above continuous profile with g, at
x' = 0 is adopted but the profile is prolonged towards the interface up to x’ = —% (i.e. x =0). As

can be straightforwardly seen, this introduces an additional contribution to the total charge which
IS given by
do

AQ = fo _xTId’—qOA% 1
Q=L eTar =i -1

[SIES)

which indeed simplifies for a «< 24 to %, the missing contribution.
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Obviously starting at x" = —% (defining x = 0) yields a profile that hits all discrete values

properly and results in a corrected total charge. If A —» a or a large space charge potential is
established, g(x = 0) is still larger than q(x’ = 0). As the discrete charge is systematically

smeared out, the continuous profile q(x) adopts the discrete values g; in the interval x' i%
provided the potential does not become too high.
The centroids for the low field approximation are calculated next. In the continuum model, £, =

A is obtained straightforwardly, while this value is obtained for the discrete model only

approximately. Here we made use of the fact that not only the geometrical series }.72, q; converges

(as e < 1) (Eq. (A.1V.7)) but also the geometrical series }.;2, iq;:

) a
e 1
Z lQL = qo—a (A IV. 8)
i=0 (1 —e 2)2
Hence, with x; = ia,
Z a
Ly 1Y,xiq; e 1 1
Za_ 2kt R (A.1V.9)

@ a % 1—-e 1 eir-1
. . . . _ _a\_ (D 0) —
is obtained, which can be approximated by £; = 4 (1 2/1) = L, ’,andeven furtherto L, = A.

£ iis identical to £, but for the precise centroid it holds that £, ~ £V ~ 1 — % The numerical
check corroborates this deviation, and Lgl) is indeed a much better approximation to L.

Using Eq. (2.10) with Ci = %‘1 the rather precise result can be obtained as
SC

a
1_b+1—§
C ¢ £

(A.1V.10)

This result is also numerically checked and investigated for various Z values (Table IV. 1(a), (b)).
Furthermore, according to the numerical calculations, the deviation by % is perceptible even though

the validity of the exponential solution demands A to exceed a.
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Table V.1 (a) Z=e

b el el 4 b—a/2
a bC bC b b

2 2.1244 0.7653 0.7500
3 1.7496 0.8435 0.8333
4 1.5622 0.8826 0.8750
8 1.2811 0.9413 0.9375
16 1.1406 0.9707 0.9688

Table IV.1 (b) ==5e

b el el 4 b—a/2
a bC bC b b

2 7.5488 0.7531 0.7500
3 5.3658 0.8353 0.8333
4 4.2744 0.8765 0.8750
8 2.6372 0.9383 0.9375
16 1.8186 0.9691 0.9688
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Appendix V
Realistic Model: Structural Variations
First, the effect of u°-variations on the potential and concentration profiles is inspected. Even in

the case of an ideally abrupt junction, it is clear that the first layer (% = 0) perceives a different

environment than the other layers (% > (). Consider the extreme case in which interactions

between the atoms in the first layer and the electron conductor are ignored. Then the bonding

situation resembles that of a surface ion while for the layers % =1, 2, ... abulk environment would

approximately apply. In such a model ° is reduced to Su° at%’ = 0, whereby a typical value of

B may be 2 Then, even if the Poisson-Boltzmann picture is stuck to, the analysis becomes

marginally more complicated.

Now the GC-solution applies only from %’ = 1 to oo which we formally write as (%’ = 1) =

Yec(Wq; %’). In particular, the integrated charge Q; from %’ =1to x;' = oo can be obtained as
Q1 = fec ().

For the position x’ between —b and 0 and x' between 0 and a, Gauss’ law and the constancy of
the electrochemical potential have to be applied separately, which together with charge
conservation supplies enough equations set to solve the problem.

In detail for b = a:

(l) wo_wsﬂ — 2

a F &

(ii) @zﬁ_ﬂjgﬂ_@

a a F €
A/,LO
(i)  qo = cwaFe RT (e~¥o — e¥0)
(iv) Q1= fecW1)
(v) Q=01 +q

The five unknowns s, ¥, ¥4, Q1, qo €an be calculated from these five equations if Q is taken as
independent variable.
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In terms of Eq. (iii), it follows from the constancy of i, and ji_, whereby now u° at x" = 0 differs
from u®(x’ > 0) by Au®, leading to

x’
(=0 _an® _
—d—— = TRreTh (A.V.1)

and hence q, = Fa(c, — c_) follows as Eq. (iii). In the case of low potential () < 1) where from

xl

—= 1 on an exponential solution is valid. The solutions for the potentials then follow as

x' _x—a
Y(=>1)=ye 7 (A.V.2a)
x' e e F _A%TO 2c,ARTFa™" __ RT RT+2acooAF . AV.2b
Y g =1)=e2cke RT + 2ac,F2e D F CF e ) (A.V.2b)
x’_O B _ ‘AT#O 2cARTFa™" | AV.2
v a = Q(=2coFe RT+2acooAF2£‘1) (A.V.2¢)
If we nullify Au®, we obtain
W, RT 1 a _a
IP_ON?—RT aRT~ —Z,\,e A (AVB)
__I___
F AF

as it should be.

While the consideration of the conductance is essentially unaffected (given total charge), the
profiles for concentrations and electric potentials are now more realistic close to the interface. Fig.
A.V.1 shows a comparison between the profiles for electric potential and the charge carrier
concentration if in the first layer u° differs from the value in the bulk by Au®, but the same overall
excess charge is assumed. If Au® is such that now the occupation of the first layer is favored
(disfavored), the higher (lower) occupancy is naturally at the cost of lower (higher) c-values in the
layers beneath (constant total charge assumed). Such results might provide a better understanding

of the concentration profiles at heterojunctions involving solid electrolytes.
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Fig. A. V.1 The profiles of (a) electric potential and (b) charge carrier concentration shown as a function
of number of lattice plane. The blue data shows the model with u°-variation in the first layer adjacent to an
electron conductor by Au°(=-0.1 eV) with respect to the bulk (all the other layers). From second layer on
the bulk value is applied. The blue curve shows the continuum model from second layer on. The red data
shows the discrete model without u°-variation. Blue and red dashed lines in (b) indicate the positions of
centroid for both cases (with or without x°-variation). Black dash-dotted line refers to the position of first
layer. v, ¥, and ¥, in (a) refer to the normalized electric potential on the surface of electron conductor,
in the first and second layer of ionic conductor, respectively. Simulation parameters: lattice spacing Ax'=0.1
nm; dielectric constant €=10; ¢g — P =-1 MV; c,,=1 x10®° mol/cm®; T=298 K. Same total charge is
applied for both models.

Fig. A.V.2 shows the examples of centroid and space charge capacitance at various Au°-values in
the first layer adjacent to an interface. As an example of practical worth, defect formation values
for SrTiOs derived from DFT modelling are taken (121) and apply the present approach to it (Fig.
A.V.3). Another practical example is the results for fully ionized oxygen vacancies in MgO using
the formation values calculated in Ref. (122) (Fig. A.V.4). The examples demonstrate that the
consideration of atomistic modeling of the near-surface situation and the application of the
composite approach is a simple powerful tool to tackle structural or elastic perturbations close to

the interface.
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Fig. A. V.2 Centroid (a) and space charge capacitance (b) as a function of u°-variation in the first layer
(Au®). From second layer on the bulk value is applied. Simulation parameters: lattice spacing Ax'=0.1 nm;
dielectric constant £=10; ¢ — Ppoo=-1 MV; c,,.=1 x10° mol/cm?; T=298 K. Same total charge is applied.

Table A. V.1 Set of equations for solving the space charge problem if u° varies.
1/)0 - l/)s ﬂ _ Q
a F £

2) (¢0‘¢s_¢1‘¢0>ﬂ=@

(1)

a a F £
(3) (1/’1—1,00_1!’2—1/’1)@:2
a a F £
(p+1) ('wbp—l — YPp—2 _ Yp — ‘l’p—l)ﬂ _ dp-1
a a F £
Auo
2 1
(p+2) go = CoaFe RT (e™%o — g¥0)
0
(2p+1) B

qp—1 = Coane_W(e_wp—l — ewp—l)

(2p+2) Qp = fGC(lpp)

(2p+3) Q=0p+q+q1++qy_1
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Fig. A. V.3 The profiles of (a) electric potential and (b) charge carrier concentration for oxygen vacancies
in SrTiO3. The blue data shows the model with u°-variation in the first two layers adjacent to the surface
by Auf, Aud with respect to the bulk. From third layer on the bulk value is applied. The blue curve shows
the continuum model from third layer on. The red data shows the discrete model without °-variation. Blue
and red dashed lines in (b) indicate the positions of centroid for both cases (with or without u°-variation).
Black dash-dotted lines refer to the positions of first two layers. Simulation parameters: lattice spacing
Ax'=0.39 nm; dielectric constant € =300; ¢y — Poo =-1 MV, co, =1 X 10° mol/cm®. Oxygen vacancy
formation energy: firstlayer (5.9 eV); second layer (7 eV); bulk (7.5eV) , Au = —1.6 eV; Aud =
—0.5 eV (F°, neutral) Ref. (121); T=298 K. Same total charge is applied for both models.
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Fig. A.V.4 The profiles of (a) electric potential and (b) charge carrier concentration for fully ionized
oxygen vacancies in MgO. The blue data shows the model with u°-variation in the first layer adjacent to
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the surface by Au® (=-1 eV) with respect to the bulk according to Ref. (122). From second layer on the bulk
value is applied. The blue curve shows the continuum model from second layer on. The red data shows the
discrete model without u°-variation. Blue and red dashed lines in (b) indicate the positions of centroid for
both cases (with or without u°-variation). Black dash-dotted line refers to the position of first layer.
Simulation parameters: lattice spacing Ax’' =0.42 nm; dielectric constant & =10; ¢y — ¢ =-1 MV;
Coo=1 %107 mol/cm?; T=298 K. Same total charge is applied for both models.
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Appendix VI

Saturation Effects

Not only can u°-variations be implemented in a straightforward way, also entropic saturation
effects can be included. Here a Boltzmann distribution has to be replaced by a Fermi-type of
Ct+

distribution, i.e. — where ¢4 + IS the concentration of + lattice sites (such effects on the
total,+—C+ -

electron conductor side are ignored). This correction is needed as the number of available sites
(lattice sites) are no longer constant but become critical. The approach that splitting into
discretization close to the interface and a continuous description further away is very valuable, as

saturation effects are expected to play a major role only close to the interface. In order to

concentrate on this effect, Au® = 0 for % > 0 is set and consider low potential (y» < 1). The

c+(0)

Coo

exponential profile then can be used for%’ >1.Atx' =0, in EqQ. (A.V.1) has been replaced

b c+(0) Ctotal+
Ctotal+—C+(0)  Coo

with the results for local charge and potential (see Table A. VI. 1).

Now saturation effects in the first layer are considered. As shown in Fig. A. VI. 1, evidently the
qualitative effect is similar as if in the first layer Au® were positive. The lower occupancy (at given
total charge) leads then to a shift of £ towards bulk corresponding to a lower space charge
capacitance. Clearly the depression in the first layer to values lower than in the second layer (where
saturation is neglected, Fig. A. VI. 1a,b) would indicate the necessity to consider saturation also

in the other layers or to restrict to smaller effects (Fig. A. VI. 1c,d).

A limited charge per layer has also been considered in Ref. (36). In addition, the charge on the

metal side may be subjected to restrictions of the density of states.
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Fig. A. VI. 1 The profiles of (a), (c) electric potential and (b), (d) charge carrier concentration as a function
of number of lattice plane. The blue data shows the model with saturation effects in the first layer adjacent
to the interface. The blue curve shows the continuum model from second layer on. The red data shows the
discrete model with absence of saturation effects. Blue and red dashed lines in (b), (d) indicate the positions
of centroid for both cases (with or without saturation effects). Black dash-dotted line refers to the position
of first layer. Simulation parameters: lattice spacing Ax'=0.1 nm; dielectric constant e=10; ¢3 — ¢, =-1
mV; u° is constant; T=298 K. (a), (b) ce/crorq;= 0.5 (unrealistic value). The charge concentration at first
layer is smaller than that at next layers. Then considering saturation effects on next layers is necessary. (c),
(d) colctorqr= 0.03. In this situation, the charge concentration at first layer is suppressed, but still higher
than that at second layer. The qualitative effect is similar as if in the first layer Au® were positive (the
centroid shift towards bulk direction slightly).
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Table A. VI. 1 Set of equations for solving the space charge problem if saturation occurs.
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List of Symbols

List of Symbols

Atomic size in the electron conductor

Atomic size in the solid ion conductor or the area (depending on the context)
The activity of lithium

The activity of M

The distance between the two adjacent discretely charged layers
Concentration of electron hole

Concentration of metal ion interstitial

Concentration (number of moles per volume) of species m
Concentration of electron

The amount of active electrons in the substrate
Concentration of metal ion vacancy

Bulk concentration

Local concentration of positive charge

Local concentration of negative charge

The total interfacial capacitance

Doping content

Helmholtz capacitance

The space charge capacitance (per area)

Space charge capacitance (perpendicular to the interface)
Oxide thickness

Electron

Faraday constant
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List of Symbols

n

Electron hole

Current or the area of the Ru component before sputtering in XPS spectra (depending
on the context)

The area of the Ru component after sputtering in XPS spectra
Li-interstitials

The inelastic mean free path

Mass action constant for M storage

Mass action constant of electron-hole equilibrium

Frenkel constant

Heterogeneous mass action constant

Thickness of film

Metal

Metal ion interstitial

Cation on its regular site

The exponent in power laws for Q as a function of the lithium activity
Excess electrons

Total stored charge

The area-specific charge at the i-th plane (positioned at x;)
The neutral bulk charge density

Interfacial storage capacity

Universal gas constant

Interfacial resistance (perpendicular to the interface)

Charge free zone distance

Temperature

Mobility

Molar volume

Vacancy on the interstitial site

Lithium ion vacancy

Metal ion vacancy

Origin of coordinate for continuum model
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List of Symbols

Origin of coordinate for discrete model

The conductance parallel to the interface

Charge number of species m

The real part of the impedance

The imaginary part of the impedance

Normalized interfacial resistance (perpendicular to the interface) with respect to the
area

The molar fraction of Li

Relative permittivity

Mean relative permittivity

Relative permittivity of phase a

Relative permittivity of phase f

Vacuum permittivity

Relative permittivity in the first layer adjacent to an interface
Debye length

The standard chemical potentials of the respective charge carriers
Electrochemical potential of e’

Electrochemical potential of M

Electrochemical potential of M;

Charge density

Electrostatic potential

Electric potential of bulk

The centroid

The centroid in the continuum model

The centroid in the discrete model

The applied bias voltage

The concentration enhancement (the concentration relative to that in the bulk (c.))

The local coordinate normalized to the Debye length (¢ = i)

The electrical field effect between the two outermost layers in TiO2 and substrate
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