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Kurzfassung

Eines der wichtigsten und am héaufigsten untersuchten Elektrodenmaterialien fiir zu-
kiinftige Lithium-basierte Batterien ist LiFePO, (LFP), welches im Rahmen der Delithi-
ierung eine Phasentransformation hin zu FePO, (FP) vollzieht. Trotz des hohen wis-
senschaftlichen und praktischen Interesses an dem Material ist noch immer eine in-
tensive Diskussion iiber den genauen Mechanismus und die zugrunde liegenden Ein-
flussfaktoren dieser Phasentransformation im Gange.

Im Rahmen dieser Arbeit sind erste Untersuchungen ez situ an elektrochemisch zyk-
lisierten Elektroden, bestehend aus einem LFP Pulver, Kohlenstoff coating und einem
Binder, so wie sie in ihrem prinzipiellen Aufbau auch bereits kommerzielle Verbreitung
finden, mit einer Kombination aus 6rtlich hochauflésenden Methoden (Hochauflosende
Transmissionselektronenmikroskopie und Elektro-nenenergieverlustspektroskopie) und
mit iiber einen grofien Bereich integrierenden Messtechniken (Réntgenbeugung und
Rontgen-Nahkanten- Absorptions-Spektroskopie), bei unterschiedlichen Ladungszu-
standen vorgenommen worden. Die Kombination dieser verschiedenen Charakter-
isierungstechniken erlaubt es, zwischen dem Zyklisierungsverhalten unterschiedlich
grofler Kristallite innerhalb der gleichen Elektrode zu unterscheiden. Fiir unter hy-
drothermalen Bedingungen hergestelltes LE'P-Kathodenmaterial stellt sich heraus, dass
ein partikelgrofSenabhangiges Zyklisierungsverhalten existiert, bei welchem nanoskalige
Partikel anscheinend nicht am Ladevorgang teilnehmen. Innerhalb dieser kleinen Par-
tikel wurde eine turbostratische Stapelung von Schichten gefunden und als Ursache fiir
den verminderten Lithiumaustausch identifiziert. Diese hoherdimensionalen Defekte in
den nanoskaligen Partikeln hindern diese daran am Ladevorgang teilzunehmen indem

sie die Lithiumdiffusion entlang der 1-dimensionalen Kanale storen, sowie den Trans-
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port entlang der anderen Richtungen des LFP Gitters verschlechtern und damit den
Lithiumtransport blockieren, was zu einer Verminderung der elektrochemisch zugang-
lichen Kapazitat fiihrt.

Um den Mechanismus des Lithiumaustausches einer LFP-Diinnschichtkathode wahrend
des Ladevorganges zu untersuchen, ist eine Diinnschichtbatterie spezieller Bauweise
entwickelt und mittels gepulster Laserdeposition und thermischen Verdampfungstech-
niken hergestellt worden. Mit Hilfe von Schattenmasken wurden Diinnschichten der
LFP Kathode, des LioO-V205-SiOy (LVSO) Elektrolyten und der LiAl Anode nach-
einander abgeschieden, so dass der Lithiumtransportweg innerhalb der entstehenden
Batterie entlang der Substratoberflache der rontgentransparenten SisN, Membran
verlauft. Die entstandene Anordnung ermoglicht die Nutzung von Synchrotron-basier-
ter energieaufgeloster Rastertransmissionsrontgenmikroskopie mit entsprechend hoher
chemischer und ortlicher Auflosung, zur Durchfithrung von in situ Rontgenabsorptions-
messungen an der Eisen L3 Kante. Eine Verschiebung des vornehmlichen Absorptions-
charakteristikums von 708 auf etwa 710 eV wahrend der Delithiierung wird genutzt,
um die Anderung des lokalen Ladezustands bzw. des Verhéltnisses von Fe?* (lithi-
iert) zu Fe3" (delithiiert) zu beobachten. Auf diese Weise wird der anfingliche Lithi-
ierungsprozess einer LFP Diinnschichtkathode mittels in situ Rastertransmissions-
rontgenmikroskopie und einer lateralen Auflosung von 30 nm, verfolgt. Der beob-
achtete Lithiierungsmechanismus entspricht nicht dem klassischen Mechanismus bei
welchem ein Teilchen nach dem anderen lithiiert wird, so wie es fiir Vielteilchen LFP
Kathodenmaterialien typisch ist, sondern stattdessen findet die Lithiierung des Diinn-
schichtkathodenmaterials weitestgehend gleichzeitig statt. Der Grund fiir den im Ver-
gleich zur Vielteilchen-Pulverelektrode verdnderten Lithiierungsmechanismus liegt in
mechanischen Wechselwirkungen innerhalb der Diinnschicht wahrend der Lithiierung,
d.h. in der entsprechenden Volumenausdehnung und Bildung von neuen Hochen-
ergiegrenzflachen, welche letztendlich die Form des Einteilchen chemischen Poten-
tials dahingehend verandert, dass ein monotoner Verlauf entsteht. Das hat weit-
reichende Konsequenzen: so wandelt sich nicht nur der Vielteilchen-Mechanismus hin
zu einer gleichzeitigen Lithiierung, sondern auch der Einteilchen-Mechanismus andert

sich von einem 2-Phasen- zu einem 1-Phasen-Mechanismus wahrend der Lithiierung.
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Desweiteren wird das Verschwinden der Hysterese-Schleife, sowie des Memory-Effektes
vorhergesagt. Diese Ergebnisse sind von allgemeingiiltiger Natur und anwendbar auf
alle Diinnschichten phasenseparierender Interkalationsmaterialien welche einer Volu-
mendnderung wahrend des Lithiumaustausches unterliegen.

Um die Liicke in der Literatur beziiglich in-situ-Beobachtungen der Phasentransfor-
mation in einzelnen (L)FP Partikeln mit guter raumlicher und zeitlicher Auflésung zu
schlieen, wurde eine Mikrometer-kleine Diinnschichtbatterie mit einem orientierten
LFP Einkristall definierter Defektchemie als Kathodenmaterial und Abmessungen von
16x1x0.2 pm gebaut. Mittels Rastertransmissionsrontgenmikroskopie wird die Phasen-
transformation entlang der schnellen (010) Richtung im Mikrometerbereich mit einer
raumlichen Auflésung von 30 nm und einer zeitlichen Auflosung von einigen Minuten
wéhrend der elektrochemischen (De)lithiierung in situ verfolgt. Desweiteren sind diese
Rastertransmissionsrontgenmikroskopie-Messungen einige der wenigen Untersuchun-
gen, die je an einem LFP Material mit definierter Defektchemie vorgenommen worden
sind, obwohl diese fiir ein allumfassendes Verstandnis des Materialverhaltens unerlass-
lich ist. Diese Messungen offenbaren nicht nur den Mechanismus der Phasentransforma-
tion innerhalb eines einzelnen Partikels, sondern auch die Bedeutung elastischer Effekte
auf den (De)lithiierungsprozess. Es wird gezeigt, dass die Startposition der Phasen-
transformation durch den konkret vorliegenden defektchemischen Zustand bestimmt
ist, wahrend das Phasenwachstum sowohl von LFP, als auch von FP von elastischen

Effekten dominiert wird.
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Abstract

Among the candidates for electrodes in future Li-based batteries, LiFePO, (LFP) is
one of the most important and most frequently studied materials, undergoing a phase
transformation upon delithiation to FePO, (FP). In spite of the great scientific and
practical interest in this material, there is still an extensive debate on the mechanism
of this phase transformation and the underlying factors of influence.

Within the framework of this thesis, first studies are carried out ez situ on multi-
particle, full electrode LFP materials, being electrochemically cycled and analyzed
at various states of charge by a combination of highly spatially resolved methods
(high-resolution transmission electron microscopy and electron energy loss spectroscopy
(HRTEM, EELS)) and integral measurement techniques (analyzing the X-ray diffrac-
tion and X-ray absorption near edge structure (XRD, XANES)). This combination of
characterization techniques allows one to distinguish between the cycling behaviour of
differently sized crystallites within the same electrode. It is found that for electrodes
with hydrothermally grown LFP as active material, a particle size dependent cycling
behaviour exists, with nanosized particles apparently not participating in the charging
process at all. A turbostratic stacking of layers in these nanosized particles is found and
identified to be responsible for sluggish lithium insertion and extraction. These higher
dimensional defects prevent the small particles from participating in the charging pro-
cess, most likely by disturbing the lithium diffusion along the 1-dimensional channels,
as well as impair the transport along the other directions in the LFP host structure and
thus blocking the lithium transport, resulting in a comparibly lower practical capacity
during electrochemical cycling.

To study the lithium exchange mechanism upon charging a LFP thin film cathode, an
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all-solid-state thin film battery cell with a lateral design concept is developed and real-
ized by pulsed laser deposition (PLD) and thermal evaporation techniques. Using PLD
and shadow masks LFP cathode, LisO-V505-Si0y (LVSO) electrolyte and LiAl anode
thin films are deposited sequentially in a way that the Li transport pathway in the re-
sulting battery is along the X-ray transparent commercial Si3N, membrane substrate.
This enables the usability of synchrotron-based energy resolved scanning transmission
X-ray microscopy (STXM) with its high chemical and spatial resolution to perform in
situ absorption measurements at the Fe L3 edge. Upon delithiation, a shift in the main
absorption feature from 708 to 710 eV is used to fingerprint the change in the local
state of charge, identifying areas containing Fe*™ (lithiated) and Fe?" (delithiated),
respectively. The initial lithiation process of a LFP thin film cathode material has
been followed by in situ STXM, with a lateral resolution of 30 nm, during electro-
chemical charging of the thin film battery. The observed initial lithiation process does
not follow the classical particle by particle mechanism, typical for multi-particle LFP
cathodes, but instead a rather simultaneous, although inhomogeneous, lithiation is ob-
served. The reason for this change in mechanism, compared to multi-particle powder
electrodes, is found in mechanical interactions within the thin film upon lithiation, i.e.
in the corresponding volume expansion and formation of high energy surfaces, changing
the shape of the single-particle chemical potential to a monotone form upon lithiation.
This has far-reaching consequences: not only the many-particle mechanism is changed
to a concurrent lithiation, but also the single-particle mechanism is changed from a
two-phase to a single-phase mechanism upon lithiation. Furthermore, a vanishing hys-
teresis loop and the disappearing of the memory effect is predicted. These findings are
rather general and applicable to all kind of thin films of phase separating intercalation
materials, undergoing a volume change upon lithium exchange.

To fill the gap in literature on in situ observations of the (L)FP phase evolution on
a single-particle level with appreciable space and time resolution, a micrometer-sized
all-solid-state thin film battery is built with a defect-chemically well characterized LFP
single crystal as cathode material with dimensions of 16x1x0.2 pm. Using STXM, the
phase evolution along the fast (010) orientation is followed during in situ electrochem-

ical (de)lithiation on a micro-meter scale with a lateral resolution of 30 nm and with
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minutes of time resolution. Furthermore, the STXM measurements performed on this
sample are one of the few experiments ever taken on LFP materials with a well defined
defect chemistry, even though fundamentally necessary for an overall understanding of
the materials behaviour. This combination discloses not only the mechanism of LFP
transformation on a single-particle level, but also the significance of elastic effects on
the (de)lithiation process. Using a defect chemical analysis, the position of phase for-
mation is found to be determined by the defect chemical situation, while the growth

pattern of both LFP and FP is found to be dominated by elastic effects.
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Chapter 1

Introduction

This work deals with the mechanism of lithium extraction and insertion in LiFePO,
(LFP), a promising cathode material for lithium ion batteries (LIB), with a special
focus on in situ characterizing the phase evolution using scanning transmission X-ray
microscopy (STXM). Three different LFP systems, going from a multi-particle to a
single-particle level, are studied within the framework of this thesis. First, cathodes
with LFP powder as active material are investigated ez situ using i.a. electron en-
ergy loss spectroscopy (EELS) and X-ray absorption spectroscopy (XAS) (chapter 3).
Secondly, thin films of LiFePO, are analyzed in situ as part of an all-solid-state thin
film battery using STXM (chapter 4). Thirdly, the (de)lithiation of single crystalline
LiFePQ, as cathode material in a micrometer-sized battery is followed in situ by STXM
(chapter 5). Before the obtained results will be discussed, some general remarks on
LIBs and a summary of some of the main characteristics and features of LiFePOy, as
a cathode material are given in this chapter, followed by a short introduction to the

main methods and techniques used throughout this thesis (chapter 2).

1.1 General Remarks

Battery research is essentially a multi-disciplinary field, connecting on a fundamental
level physical, chemical and materials research, while in the area of application engi-
neering and system integration prevail. Rechargeable batteries are the only devices

which can directly and reversibly convert electrical into chemical energy. Due to the
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connected efficiency of energy conversion and their ability to store energy, batteries are

of paramount interest for an energy-dependent technological society as ours.

1.1.1 Historical survey

Batteries have become well-known energy conversion and storage devices since Alessan-
dro Volta has reported "On the electricity excited by the mere contact of conducting
substances of different kinds”, introducing his electric pile in a letter to Joseph Banks
already on march 20th 1800, published in the Philosophical Transactions of the Royal
Society of London [1]. 59 years later, in 1859, the first rechargeable battery, the lead-
acid battery, has been invented by Gaston Planté [2]. But it took nearly another 120
years until M.S. Whittingham, first proposed the concept of a lithium-based battery,
using LiTiSs as cathode and lithium metal as anode in 1976 [3]. Encouraged by the
work of Goodenough et al., demonstrating a lithium battery with LiCoO, (LCO) as
cathode material [4, 5], and Yazami et al., reporting on the electrochemical interca-
lation of lithium in graphite [6], circumventing the savety problems connected with
the use of metallic lithium as anode [7], SONY released the first commercial LIB in
1991. This battery system, using LiCoO, as positive and graphite as negative elec-
trode proved successful and since then, lithium ion batteries have been of ever growing
importance as one of the key devices for consumer electronics, electro mobility and

net-integrated storage of fluctuating renewable energies.

1.1.2 Battery components

The overall properties of a battery, such as capacity, energy density, power density,
cycle stability, voltage stability, rate performance and safety, are determined by the
properties and the interplay of the electrochemical active components (electrodes and
electrolyte). The main reason for the success of LIBs is their favorable energy and
power density compared to other battery techniques, as illustrated in figure 1.1, com-
bined with a high cycling stability. These superior properties originate from lithium
fortunately being at the same time the lightest and one of the most electropositive
metal elements of the periodic table, which can easily be accommodated in and mi-

grate through various crystal structures.



Chapter 1. Introduction 19

400 T
—~ 8
E @
=800 5
=
:
]
C
8 200
=
2
@
o
L

100

0 Lighter weight —
I I I I 1 I
0 50 100 150 200 250
Energy density (W h kg™
Liion Liion
= LiFePO, C: Li(TM)O,-C
2
28
g e Li metal-
g hydride [
o
g8
&=
Sodium-sulfur
=1 |'.|' redox @
0 50 100 150 200

Specific energy (W h kg™)

Figure 1.1: Power and energy densities for different rechargeable battery
technologies. Top: volumetric vs. gravimetric energy density (taken from [8]). Bot-
tom: gravimetric power vs. gravimetric energy density (taken from [9]).

Numerous electrode materials for LIBs are currently studied and their morphology
[10, 11, 12], particle size [13, 14, 15] and defect chemistry [16, 17, 18] is analyzed and
modified to understand and enhance their electrochemical properties. The most com-
mon anode materials are carbon materials, especially graphite [19]. But also the spinel
LiyTi5O49 [20], as well as materials such as Sn and Si are under serious considera-
tion as anode materials and already partly commercialized (among others Sn is used
in Sony’s Nexelion anode material [21]). Typical cathode materials comprise layered

lithium transition metal oxides (e.g. LCO [5], LiNi,Mn,Co;_5,04 (NMC) [22]), spinels
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(e.g. LiMnyOy4 [23]), and olivine-type lithium transition-metal phosphates (e.g. LFP
[24]). All cathode materials for LIBs have in common, that their theoretical capac-
ity is relatively low in comparison to most of the studied anode materials, while the
later ones have generally a lower cycle stability, due to the formation of a pronounced
solid-electrolyte-interphase (SEI) and volumetric changes upon lithium insertion and
extraction. Therefore, a lot of research effort is directed to these two fields.

Electrolytes are normally made of a solution of a lithium salt (e.g. LiPFg) in a non-
aqueous mixed organic solvent (e.g. ethylene carbonate - dimethyl carbonate (EC-
DMC)) [25], whereat different soluble electrolyte additives [26] and non-soluble addi-
tives [27] are under investigation and research is carried out on polymer electrolytes
28] as well as ionic liquid based electrolytes [29]. Besides these three major electro-
chemical active battery components, the separator, a porous membrane soaked with
electrolyte and positioned between the electrodes, allowing ionic flow but preventing
a direct contact between the electrodes and electrical short circuiting, respectively, is
of importance and has to be adjusted to the batteries’ chemistry and geometry [30].
In addition to the cited references, nice overviews over different cathode, anode and

electrolyte materials under investigation are given in [31, 32, 33, 34].

1.1.3 Working principle

In equilibrium state the cell voltage of a LIB is determined by the difference in the
chemical potential of Lithium in the cathode pr;(c) and in the anode pp;(a) and holds

pri(c) — pri(a) = —nEF = A,G (1.1)

where n is the number of electrons per mole transferred in the reaction, E the cell
voltage in thermodynamic equilibrium (also called electromotive force (emf) or open
circuit voltage (OCV)), F the Faraday constant (96485.3 C/mol) and A,.G the Gibbs
free energy of the reaction. If a charged LIB is connected to a load, Lithium ions are,
according to equation 1.1, shuttled from the anode (electrode of higher lithium chemical

potential) through the electrolyte to the cathode (electrode of lower lithium chemical
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potential), while electrons are simultaneously pushed through the external circuit from
the anode to the cathode. By doing so, LIBs convert chemical energy directly into
electrical energy. The operating principle is based on three main mechanistic steps,
whose mathematical formulation close to equilibrium conditions are given below.

Firstly, the chemical diffusion of (neutral) lithium atoms inside the electrodes (cathode
and anode), which involves both the chemical diffusion of lithium ions Li* and electrons
e~, will be discussed. The driving force for this process is given by the gradient of the
lithium chemical potential inside the electrode material (a%) pri, With pp; = fipi+ + fle—
and the transport coefficient by the ambipolar conductivity o® = (UZZL + ae’_l)_l. The

lithium flux is then given by

, 0
jox —o® (8_:16) LLi - (1.2)

This is generally the slowest of the three processes and the reason why electrode ma-
terials are often nano-sized (compare [35]).!

Secondly, the reversible Li ion transfer at the electrode | electrolyte interfaces is de-
scribed. Here, the driving force is given by the difference in the electrochemical po-
tentials of Lithium ions in both phases Afiy;+. Close to equilibrium the transport
coefficient can be expressed by the exchange rate R of the corresponding process, so

that the lithium flux through the interface is given by

Thirdly, the lithium ion transport through the electrolyte is discussed. This is essen-
tially a steady-state process, with transient phenomena being of dielectric nature and
occuring on the order of nanoseconds. The driving force is determined by the gradient
of the electrochemical potential of the Lithium ions (8%) firi+, with the transport co-

efficient being the Li* conductivity oz,+. Hence, the lithium flux in the electrolyte is

IExpressing the driving force in terms of lithium concentration gradients, the transport coefficient

is given by the chemical diffusion coefficient D® and for the flux follows j o< —D? (8%) cr;. Mass

balance requires ¢ o< — (8@) J.
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given by

: J\ .
J X =0+ (a) Hrit - (1.4)

Notably, electroneutrality is kept due to the compensating electron flow through the
outer circuit. A more elaborated overview on transport and storage can be found in

35).

1.1.4 Storage mechanisms

Four different mechanisms to store lithium in an electrode exist:?

1) The single-phase mechanism in which the lithium atoms are intercalated into a host
structure, changing its overall chemical composition as a single phase. This mechanism
is found e.g. in the layered Li, TiS, for 0<x<1 [36].

2) The two-phase mechanism in which the electrode consists of two different phases
transforming into each other upon (de)lithiation, changing the ratio of both phases
within the electrode material. This mechanism is found e.g. in LiFePO, | FePO,
electrode materials. How exactly the phase transformation occurs in a multi-particle
system is still under discussion and depends inter alia on particle size, morphology and
apparently even on the charge rate (more details are compiled in subsection 1.2.4).

3) The multi-phase mechanism which is the underlying process of conversion reactions.
The phase manifold is the reason why electrodes undergoing such a reaction normally
show a bad cycle stability. An interesting exception is found by Zhu et al. using a very
special geometry and morphology for their MoS,; anode material (MoS; + Li — Mo +
LiyS) leading to a very good reversibility [12].

4) The interfacial storage of lithium. This storage mechanism is related to a redistribu-
tion of charge carrier concentrations in the interfacial regions [37]. It can contribute a
non-trivial share to the overall electrode capacity when it comes to very small particles
(nanocomposites) with a high surface area to volume ratio. The phenomenon is espe-
cially interesting when it comes to the so-called job sharing mechanism [38], in which

one phase stores Lit and the other e, as it is found e.g. for the Li;O:Ru system [39].

2Very often it is only refered to 3 mechanisms, being the homogeneous intercalation, phase forma-
tion and interfacial storage mechanism.
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1.2 LiFePO,

LiFePO, is one of the most promising cathode materials for LIBs and is a prototype
of olivine-type materials for the application in Li-ion batteries. It has been intensively
studied during the last years, because of its good electrode performance, favorable
energy and power density, low cost, safety and low toxicity [24, 40, 41]. Since it
was first mentioned as a cathode material for LIBs in 1997 [24, 42], several thousand
publications in peer-reviewed journals and even more than a hundred review articles
and book chapters have been published. Most of them report on several different
chemical (e.g. [43]) and physical (e.g. [44]) synthesis routes, effects of coatings (e.g
[45]) and morphologies (e.g. [46]) and study the electrochemical properties (e.g. [47])
and defect chemistry (e.g. [48]), as well as calculating chemical and physical properties
(e.g. [49]). On the other hand, investigations offering a deeper understanding of the
phase transformation during lithium extraction and insertion, especially in terms of
intrinsic properties, i.e. defect chemistry, are rare and will be subject of this thesis.
Due to the huge amount of literature about LiFePO,, an all-embracing overview can
not be given within the introduction of this thesis. Instead, only a selection of the

main characteristics and features is summarized.

1.2.1 Structure

The olivine structure of LiMXO,4 with the space group Pnma is shown in figure 1.2. It
is built up by corner-sharing MOg (M=Fe, Ti, V, ...) octahedra and XO}~ (X= P, S,
As, Mo, ...) tetrahedral anions. The oxygen atoms form a distorted hexagonal close
packed (hcp) structure with Fe and Li atoms occupying half of the octahedral and P
atoms sitting on one-eighth of the tetrahedral sites. There are two crystallographically
distinct octahedral positions that also differ in size: the M1 site with an inversion center
symmetry and the M2 octahedron with a mirror symmetry. This favors an ordering
in olivine structures when containing cations of different size and charge. In LiFePO,

the lithium ions usually occupy the smaller octahedral sites with I symmetry (M1),
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Figure 1.2: Crystallographic structure of LiFePO,. Polyhedral representation of
the structure of LiFePO, (space group Pnma) viewed along the b-axis (left) and along
the c-axis (right). The iron octahedra are shown in blue, the phosphate tetrahedral in
yellow, and the lithium ions in green (taken from [50]).

while Fe usually sits in the octahedral M2 sites. In this structure the M(2) sites are
linked together over the corner-sharing FeOg octahedra within the b-c plane, while the
edge-sharing LiOg octahedra form a linear chain along the b-axis. Each LiOg octahedra
shares edges with two FeOg octahedra and two PO, tetrahedra. Furthermore have the
FeOg and the PO, group one edge in common.
The strong P-O bonds result in a stable backbone of PO, polyanions and only small
deformation from the orthorhombic symmetry occurs upon full delithiation [51]. The
lattice parameters of LFP in the Pnma space group are reported to change upon
delithiation from a = 10.334 A, b =6.008 A, and ¢ = 4.693 A for LFP toa = 9.821 A,
=5.792 A, and ¢ = 4.788 A for FP, so that the unit cell volume decreases by about
6.5 % [24].

1.2.2 Defect chemistry

Understanding the defect chemistry of a material is essential to understand its elec-
trochemical properties and finally to optimize these properties by changing its defect
chemical situation, e.g. via doping. While the LFP phase and its delithiated form, the
FP phase, essentially refer to the same crystallographic structure, they behave from a

defect chemical point of view antagonistically: LFP is a p-type electronic conductor
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exhibiting lithium vacancies as ionic charge carriers, while FP is a n-type electronic
conductor with lithium interstitials as ionic carriers [52, 53, 54, 55]. This opposing be-
haviour of the nature of electronic and ionic charge carriers, as illustrated in figure 1.3
by the symmetric dependence of the defect concentrations on the acceptor and donor
content in LFP and FP, can easily be understood when - in a gedankenexperiment -

assuming a continuous solid solution from FP to LFP.

LiFePO,

a N

Figure 1.3: Comprehensive representation of the defect chemistry in LFP
and FP. Charge carrier concentration as a function of acceptor (A) and donor (D)
dopant concentration for LiFePO, and FePOy(taken from [48]).

Upon lithiation of FP, lithium occupies interstitial positions (Li-ion conduction), while
a missing lithium atom on the same crystallographic site in LFP is considered as
a lithium vacancy (Li-vacancy conduction). Furthermore, introducing lithium into
FeP Oy, fills the almost empty conduction band with electrons (n-type electronic conduc-
tion), while in LiFePO, the very same electronic band is the completely filled valence
band, with electronic defects (holes) for Li-deficient LEP (p-type electronic conduc-
tion). A rather comprehensive description is given in reference [52] and figure 1.3
nicely elucidates this opposing behaviour, summarizing the charge carrier concentra-

tions as a function of dopant concentration for both LFP and FP. While the formation
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of vacancies and interstitials in the Fe- and O-sublattices of LF'P are energetically unfa-
vorable [56], anti-site defects (Fej;) can easily be formed [17]. The defect concentration
as a function of lithium activity in LFP is shown in the Kroger-Vink diagram (also
called Brouwer diagram) in figure 1.4, illustrating the transition between the defect

chemical D- and P-regime.
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Figure 1.4: Kroger-Vink diagram. Illustration of the defect concentration as a
function of lithium activity in LFP (according to [52]).

The D-regime is present at high lithium activity or in donor doped materials, while at
low lithium activity (high lithium deficiency) or in acceptor doped LFP the P-regime
is observed. In the D-regime, lithium vacancies (V{;) are compensated by intrinsic
anti-site defects (Fej;) or extrinsic donor dopants, e.g. gallium on an iron site (Gag,).
By increasing the donor concentration, being equivalent to go further to the left in
the Kroger-Vink diagram, the hole concentration [h] is decreased, while the lithium
vacancy concentration [V1,] is approximately fixed by the dopant. This results in an
increased ionic and decreased electronic conductivity, as proved by Amin et al., measur-
ing the different ionic and electronic conductivities of 1 % Al donor-doped LFP single
crystals [57, 58] and 1 % Si donor-doped LFP single crystals [59]. On the other hand,
going further to the right in the Brouwer diagram by acceptor doping the material or
lowering the lithium activity (by delithiation), the increase in [Vi;] is compensated by

an increase of hole concentration ([h’]). Completing the picture, Zhu et al. measured a

predominant electronic conductivity for polycrystalline heterosite FePOy, proving that
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lithium interstitials (Li;) and electrons (¢’) are the major charge carriers in FePO, [54].

1.2.3 Electrochemical properties

The theoretical capacity of LiFePOy, following the (de)lithiation reaction

LiFePOy <>z - FePO,+ (1 —x) - LiFePO, + - Lit + 2 - e~ (1.5)

is about 170 mAh/g. Its crystallographic structure and defect chemical properties di-
rectly determine its (electrochemical) properties, ultimately leading to its pronounced
anisotropic behaviour concerning ionic and electronic conductivities, as well as lithium
chemical diffusion [15, 55]. As shown in figure 1.5, the polyanionic crystal structure
favors lithium transport along one-dimensional pathways, formed by the edge-sharing

LiOg octahedral chains along the b axis of the crystal [50, 56].

Figure 1.5: Curved trajectory of Li ion transport along the b-axis of
LiFePO,. The red arrows indicate the lithium transport along the fast b direction in
LFP. The colour scheme of the polyhedral representation of the structure is the same
as in figure 1.2 (taken from [50]).

Additionally, theoretical calculations predict a predominant lithium transport along the
b-axis due to the lower energy barriers [60], which has also been observed for short-
range motion [61]. On the other hand, experiments using oriented LFP single crystals,
grown via optical floating zone technique [62], showed lowered mobilities along a (100)
but unexpectedly similar values for b (010) and ¢ (001), resulting in a two-dimensional
anisotropy of electronic and ionic conductivities as well as lithium chemical diffusion

in the b-c plane [53, 55]. Here, the defect chemistry comes into play, since already the
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native anti-site defects present in LFP (Fej,), functioning not only as intrinsic donor
dopants, block the lithium migration along the curved 1d channels, resulting in the
slower diffusion, decreasing electrochemical performance [15, 53, 56]. Figure 1.6 shows
the expected unblocked capacity as a function of channel length for different defect
concentrations. This nicely illustrates the direct correlation between the defect chem-

ical situation and its influence on the electrochemical properties of a given material.
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Figure 1.6: Unblocked capacity in LFP as a function of channel length. Ex-
pected unblocked capacity vs. channel length in LFP for various defect concentrations
(taken from [15]).

The influence of particle size, morphology and defect chemistry, together with the ex-
act lithium content in LFP on the electrochemical properties, is also likely to be the
reason, why for the lithium diffusion coefficient D° of LFP at room temperature very
different values have been measured ranging from 107'° to 1076 cm? /s - a difference of
six orders of magnitude [63, 64, 65, 66]. Along the three principle axes in macroscopic
LFP single crystals D° is measured to be on the order of 107! cm?/s along (010) and
(001) and 10~ ¢m?/s along (100) (Pnma space group) [53, 55].

As already mentioned in subsection 1.2.1, the strong P-O bonds result in a stable back-
bone of PO, polyanions and only small deformations occur during cycling. Another
related positive effect of the strong P-O bonds is the good thermal stability of LFP and
its beneficial safety performance, since no gaseous oxygen is formed upon delithiation
or heating [67]. Furthermore the very similar volume and crystallographic structure

of LFP and FP prevents capacity degradation, since disintegration of particles upon
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cycling is avoided (for small enough particles) [51, 68].

The already mentioned measurements on LFP single crystals furthermore proved the
predominant electronic conductivity (~ 1077 S/cm (b, c), ~ 107® S/cm (a)) along
all three crystallographic directions, being about five orders of magnitude higher than
the respective lithium ion conductivities at room temperature (~ 107'2 S/cm (b, c),
~ 107 S/cm (a)) [53]. Hence, LFP possesses both a low electronic conductivity,
caused by the separation of the FeOg octahedra by the POy tetrahedrons [69], as well
as a very low ionic conductivity.® To improve the electrochemical performance and
to overcome the drawbacks of the low ionic and electronic conductivities, three main
strategies can be applied: the introduction of secondary phases (coating), decrease of
particle size and tuning of the defect chemistry (doping).

The most widely used coatings of LFP particles are composed of carbon, enhancing the
electronic conductivity of the material. Ravet et al. have first reported such a coating
[71] and since then numerous carbonaceous organic compounds and various synthesis
routes have been tested [72]. Besides its high electronic conductivity, carbon offers a
low specific weight, low costs, sufficient chemical stability and is easily penetrated by
lithium ions. It can be introduced as a coating by several techniques, whereat already
small amounts (below 2 wt%) result in a significant performance increase [72]. Un-
fortunately, incomplete carbon layers lead to polarization effects and insufficient rate
performances [73]. Hu et al. solved this problem using RuOs to patch the incomplete
carbon network, reducing the polarization effects and improving the rate performance
[74]. Also coatings of glassy phases have been reported, offering not only high electronic
conduction (if doped with transition metals [75]), but also superior ionic conductivity
[76].

While figure 1.6 already gives a hint, why "nano-sizing” is so important and the
anisotropy of the ionic and electronic conductivities in LFP favors certain particle
morphologies, also pure geometrical effects play a role. Reducing the particle volume
of a spherical particle by a factor of 2, thus creating 2 smaller particles, increases the

overall surface area by a factor of 2- %2/ ’ (about 26 %), increasing the contact area with

3Compared to other cathode materials, the room temperature chemical diffusion coefficient of
lithium in LFP, as well as the electronic conductivity, are at least three orders of magnitude lower
than in LiCoO (10712 vs. 107% em?/s and 1077 vs. 10~* S/cm, respectively [53, 70]).
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the electrolyte and decreasing the geometrical part of the resistance. Furthermore, for
a sample of thickness L, the storage and equilibration time 7.4, respectively, is given
by

Teq OX é—i . (1.6)
Here, D° is the lithium chemical diffusion coefficient. Thus 7., is significantly decreased
for smaller L. But going smaller in particle size may not only decrease the volumetric
capacity because of lower packing densities, but also the gravimetric capacity due to
the comparably higher amount of carbon coating, as well as increase the occurrence of
undesirable surface reactions, lowering the cycling performance [41].
According to equation 1.6, 7., also depends on D? and hence on the defect concentra-
tions. It was first found by Chung et al. [77] that cation doping with metal atoms
supervalent to Lit (e.g. with Zr**, Nb" ..} can increase electronic conductivity in
LFP to values up to 1072 S/cm (corresponding to an increase of eight orders of magni-
tude). Although it is argued that this tremendous increase in electronic conductivity
originates in residual carbon from precursors [78] or formation of a Fe,P phase upon
heating [79], the already cited single crystal experiments on Al and Si doped LFP
[57, 58, 59] proved that doping of LiFePOy, is possible and measurably influences the

underlying defect chemistry.

1.2.4 Phase transformation

A lot of effort has been made, disclosing the phase transformation mechanism in
LiFePO, [51, 80, 81, 82, 83, 84, 85]. Nevertheless, the mechanism is still not fully
understood and appears to depend, like the electrochemical performance, on parame-
ters, such as particle size and morphology due to the small energetic differences involved
[15, 86]. The extensive debate on the mechanism of phase transformation is mainly due
to the lack of in situ observations with appreciable space and time resolution on mate-
rials with a defined defect chemistry. The intermixing of results obtained by chemical
delithiation [68, 80, 81, 87] and electrochemical delithiation [51, 81, 82, 83], although

driving forces and the mechanism of combined Li* and e~ insertion differ from each
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other, does not contribute to clarify the picture. A nice review focussing on the details
of the possible lithium insertion mechanisms in LFP is given by Malik et al. [88]. Here,
only some of the main points are shortly summarized.

While in small particles interface formation may already cost so much energy, that
nanocrystals stabilize the solid solution form, analyzing the phase diagram for par-
ticles larger than 100 nm reveals a solubility of FP in LFP and vice versa of up to
10 % at room temperature [13, 86, 89, 90, 91]. In between a two-phase regime is
energetically favourable, separated from the solid solution by only small excess ener-
gies of about 50 mV [85]. These small excess energies can easily be washed out by
effects such as capillary pressure or elastic interactions, hence opening the field for
various possibilities of phase transformation mechanisms. Indeed, there is evidence for
a shrinking and eventually disappearing miscibility gap and single-phase mechanism
along a solid solution pathway upon particle size decrease, respectively [15, 86]. Such
a solid solution mechanism may be complex and influenced by coherency stress effects,
as well as include the formation of amorphous phases [92]. But most of the proposed
models favor a two-phase mechanism involving the co-existence of two intraparticle
phases [51, 80, 81, 82, 83, 84]. For large single particles the formation of such an in-
terface is favoured and a shrinking core as well as the inverse scenario and delithiation
from only one side of the particle has been reported [81, 93]. Furthermore, for large
single crystals fragmentation and loss of single crystallinity upon chemical delithiation
have been found by Weichert et al. [68]. In addition a spinodal-like decomposition
of LFP is taken into account [94] and stripe patterns within single crystals formed by
alternating lithiated and delithiated Phases with periods typical for such a spinodal
decomposition have also been observed [80]. On the other hand, Gu et al. even re-
port on the presence of a LigsFePO, staging phase in which every second Li layer is
either Li-free or fully occupied [95]. Such ordering phenomena may also lead to other
stabilized phases as kinetic or thermodynamic attractors, e.g. integer multiplies of 1/6
[95]. In fact, Orikasa et al. report on a metastable Li,FePO, phase (x=0.6-0.75) upon
lithium (de)intercalation [96], whereat ordered intermediate phases are also found and
discussed as low-energy solutions for the LFP/FP interface itself [97].

It is worth noting, that the (de)lithiation mechanism of LiFePO, reveals up to a certain
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degree a scale invariant behaviour: the ordering phenomena found by Gu et al. on the
level of individual atomic layers [95] corresponds to the stripe pattern found by Chen
et al. [80], now on the order of 100 nm within a single particle, and can be continued
on a multi-particle level, where generally a digital phase distribution is realized, with
particles either almost completely lithiated or delithiated [82, 98]. Nevertheless, this
correspondence has to be taken with a pinch of salt, as the reason for the digital phase
distribution lies in the non-monotonistic dependence of the lithium chemical potential
fr; on the lithium content [99]. But also on the multi-particle level the particle by
particle mechanism of lithium intercalation seems not universal, but instead Li et al.
reported that it can be changed to a concurrent lithium intercalation mechanism by
applying higher currents [100]. This is attributed to a nearly constant current density
at each particle undergoing the phase transformation within the full electrode, being
independent of the cycling rate, so that higher currents are achieved by increasing the

active particle population.
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Chapter 2

Experimental Techniques

In this section a short general introduction to the main sample preparation and char-
acterization techniques used within the framework of this thesis is given. For details of
other, commonly used methods, which also find their way into this thesis, the interested
reader is referred to some relevant literature. These methods include X-ray diffraction
(XRD) [101], Raman spectroscopy [102], Transmission Electron Microscopy (TEM)
[103, 104, 105, 106], secondary ion mass spectrometry (SIMS) [107], inductively cou-
pled plasma optical emission spectrometry (ICP-OES) [108], molecular beam epitaxy
(MBE) [109] and other thermal evaporation techniques, as well as sputter deposition
[110], and cyclic voltammetry (CV) [111].

2.1 Pulsed Laser Deposition

Pulsed laser deposition (PLD) belongs to the group of physical vapor deposition (PVD)
techniques [112] and is widely used for the preparation of thin films [113]. Laser pulses,
typically generated by excimer or Nd:YAG laser, with energy densities > 1 J/cm? and
wave length between 200-400 nm are directed towards the target. The pulses are either
absorbed at the surface of the target via free charge carriers (mainly metallic character
of the target) or in the near-surface volume of the target by electrons and phonons
(mainly dielectric character of the target). The absorbed energy leads to a tempo-
rally melting of the target surface (formation of a Knudsen-layer) and a subsequent

evaporation of target material. The evaporated material forms a plume consisting of
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electrons, ions, atoms, molecules, clusters and possibly also micro-sized particles. If a
dense target with a well-polished surface is used, the plume forms symmetrically per-
pendicular to the surface with a certain, elemental specific, angular distribution within,
and expands due to the short length of the mean free path inside. Its constituents are
transported through an gaseous atmosphere of defined pressure, chosen in accordance
to the target material (e.g. generally oxygen is used for oxides, here Ar and Ar/H,
(5 %) are used), and deposited on a typically heated substrate in a distance of a few

cm (compare figure 2.1).
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Figure 2.1: Drawing of the used PLD chamber. The positions of all the impor-
tant components inside the chamber are depicted.

The heating allows a sufficient diffusion of the deposited material on the substrate and
influences the crystallinity and morphology of the formed thin film. Since a good film
quality and sufficient growth rate is correlated to an absorption of the laser pulses near
the surface, to avoid exfoliation of the whole target and to minimize the effect of an
expulsion of the liquefied material from the molten zone of the target by the shock wave
recoil pressure of the evaporated material (catchwords: splashing, droplet formation),
a good laser-target combination for dielectric materials is a combination where the fre-
quency of the used laser corresponds to a high density of states (DOS) in the phononic

band structure of the target material. This general statement is also found in particular
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by Kuwata, Morcrette and Guillot-Noél et al. [114, 115, 116], reporting inter alia on
the relation between the surface roughness and droplet density of PLD-deposited solid
electrolyte thin films and the optical band gap of the used target materials, finding
the expected correlation: the higher the optical absorption coefficient near the used
wavelength of the laser, the lower the droplet density on the surface of the deposited
films. The quality and properties of the formed thin films depend, besides other sys-
tem dependent factors, on the target material (typically dense and homogeneous gives
best results), the substrate material (including orientation), the target-substrate dis-
tance, base- and deposition pressure, as well as on the composition and the pressure of
the gaseous atmosphere during deposition and possible annealing, process temperature
and cooling rate, laser frequency and energy (density), beam profile and pulse duration
(typ. 10-50 ns). Also the deposition rate depends on most of the mentioned parameters

and can therefore vary between 0.5 nm/min and 20 nm/min.

Figure 2.2: Photograph of the used PLD system. The Picture shows the PLD
system upon deposition of a LiFePO, thin film. The path of the laser beam is indicated
in red. The small inset picture shows the appearance of the plume, as well as its position
within the target-substrate arrangement in more detail.

Figure 2.2 presents the used system consisting of a KrF excimer laser COMPEX PRO
201F from Coherent (A = 248 nm), a quartz chamber with a heatable substrate holder
(up to 850 °C substrate temperature), a heat shielding, a rotable target holder, a

shutter between target and substrate, gas inlets, a pumping system, pressure gauges
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and some optics connecting the laser and the chamber with each other. The upper
part with the target holder can be removed to exchange the sample and can also be
displaced by a pyrometer to calibrate the thermocouples of the heater with the real
surface temperature of the sample. A set of optimal parameters for depositing LiFePOy

with this system is given in subsection 4.1.2.

2.2 Electron Microscopy

Scanning Electron Microscopy (SEM) as well as Transmission Electron Microscopy
(TEM) are widely used to obtain images of a sample with a lateral resolution of a
few nanometers (SEM) and even atomic resolution (TEM) down to 0.05 nm [117]. The
main parts of an electron microscope are the electron gun to generate an electron beam,
the electron optic to focus the electron beam on the surface of the sample, and the
detector, which is installed on the same side of the sample as the gun (SEM) and on
the other side of the sample as the gun (TEM), respectively, to produce images from
the electrons, which have interacted with the sample. Furthermore the whole system
needs to be under a vacuum of at least 1072 Pa to allow the electrons a maximum mean
free path. For more details about the principle of electron microscopy the reader is
referred to my diploma thesis in chemistry [118] as well as to more common literature
[119]. Here, I will only shortly dwell on the opportunity to alter a samples surface
by a Focused Ion Beam (FIB) mounted inside a SEM, which is used to fabricate the
all-solid-state micro-sized thin film battery studied in chapter 5, as well as on the
spectroscopic method of measuring the energy loss of scattered primary electrons in
a TEM, the so-called Electron Energy Loss Spectroscopy (EELS), used in the next
chapter.

2.2.1 Focused ion beam

The operating principle of a focused ion beam system is very similar to the operating
concept of a SEM, except that ions instead of electrons are focused on the surface
of a sample, where the beam is used for imaging (at low beam current), sputtering

(at high beam current) or even for depositing several materials. The first FIB was
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built by Levi-Setti et al. using hydrogen ions [120]. Today, most of the commercial
FIB systems use a liquid metal ion source (LMIS), commonly filled with elemental
gallium. But also a variety of other elements from Al to Zn are used in LMIS, with
gold being one of the favorite supply metals in earlier days [121]. Quite recently
even neon and helium ion beams are integrated in FIB systems by using gas field
ion sources (GFIS) [122, 123]. They are especially of interest due to their superior
imaging capabilities, even compared to state-of-the-art SEMs, with lateral resolutions
below 1 nm and only very small sputter rates, as well as for applications in nanoscale
lithography and synthesis [124, 125].

When the primary ion beam rasters the surface of a sample, secondary ions, neutral
atoms and secondary electrons are produced. Collecting the secondary ions or electrons
is used, as in SEMs, to form an image of the samples’ surface, whereat at small beam
currents the amount of sputtered secondary ions, as well as neutral atoms, is very small.
On the other hand, using high primary ion beam currents allows for a precise removal
of material from the sample. In both cases ions from the FIB are incorporated into the
treated sample, even when using grazing incident conditions as it is the case for TEM
preparation. Besides imaging and local sputtering, the FIB is also used to deposit other
materials on a sample by introducing a precursor gas through a nozzle in the proximity
of the impact point of the ion beam. The chemical bonds of the adsorbed precursor gas
are broken by the ion beam induced generated secondary electrons, leading to volatile
and non-volatile components of the precursor gas. The latter ones are subsequently
deposited on the samples’ surface. To ensure, that the recently deposited material
is not sputtered by the incident ion beam, the FIB is used to raster the area where
material should be deposited to allow new gas to adsorb on the surface. Parameters
such as beam focus, dwell time and refresh time (time between two visits by the FIB
of the same spot) are crucial for a successful deposition. Such a deposition can also be
performed by using the primary electron beam in a SEM at significant lower deposition
rates, but in exchange without any possible surface damage through sputtering effects.
Typical precursor gases include Pt, W, and Pd, whereat the formed layers do not consist
of pure Pt, W or Pd, but include also carbon from the precursor gas and e.g. Ga from

the ion beam. In chapter 5 Ion Beam Induced Deposition of Platinum (IBID-Pt) is
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used to build the current collectors of the all-solid-state micro-sized batteries.

2.2.2 Electron energy loss spectroscopy

Electron Energy Loss Spectroscopy (EELS) is an absorption spectroscopy method,
probing the local unoccupied density of states (DOS), revealing structural and elec-
tronic information about the chemical elements and their stoichiometry in the speci-
men, the bonding and nearest-neighbor distribution. More precisely, EELS measures
the energy loss of inelastically scattered primary electrons from a transmission electron
microscope source, after their interaction with core electrons of a specimen. The inelas-
tically scattered electrons loose energy, i.e. velocity, upon interaction. Therefore they
can be studied using a magnetic prism creating a uniform magnetic field B perpendicu-
lar to the direction of travel of the primary electrons, forcing them into a circular orbit
with radius r given by r oc %, with v, being the velocity of the scattered electrons and
B the strength of the magnetic field. By this, the scattered electrons are energetically
dispersed and their energy distribution, resulting from a different energy loss upon in-
teraction with the specimen, gives the EELS spectrum. Such a spectrum exhibits very
similar features as an absorption spectrum obtained by X-ray absorption spectroscopy
(XAS) (see figure 2.3 a)). This can be understood by comparing the expressions of the
cross sections for both interactions with each other. As will be stated in section 2.3:
the emission of photoelectrons is the main contribution for X-ray absorption. Thus,

within the dipole approximation, the cross section for this interaction is given by [126]

1

S ol (F e |i) [ 0(E, ~ By + B) (2.)

!The so-called Fermi’s ”golden rule” provides the transition rate W;_, ¢, i.e. the probability of
transition per unit of time, from an initial energy eigenstate | ¢ > into a single final eigenstate | f > due

2
(flUi)| -6(E;—E¢+E). Integrating

for a given initial state over all possible final states gives the one-to-many transition rate, i.e. for

to a perturbation U (incoming photon or electron): W,;_,; = 2%

2
example the absorption cross section of photons with defined energy, given by W,_,; = 2% ‘( f |U\z>’ P,

with p being the density of final states, i.e. the number of states per energy unit within a small energy
band.
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with | i > being the initial state of the system, particularly represented by well-localized
electronic core states, < f | the final state of the system after X-ray absorption, i.e. an
electron being excited to an afore unoccupied state or the continuum, € the polarization
vector, r the position vector, F; the energy of the initial state, £y the energy of the
final state after absorption of the photon and E the energy of the absorbed photon.

This is equivalent to the dipole approximation of the cross section in EELS given by

do
og < la-r]d) *-0(E; — By + E) (2.2)

with q being the momentum transfer vector, fulfilling the same function € does in XAS
(here FE presents the energy loss of the inelastically scattered primary electron).

This parallel in the underlying theory gives rise to similar analyzing procedures and re-
trievable information: what is called XANES (X-ray Absorption Near Edge Structure)
and EXAFS (Extended X-ray Absorption Fine Structure) in X-ray absorption spec-
troscopy (see section 2.3 for further explanations) finds its counterpart in the so-called
ELNES (Energy Loss Near Edge Structure) and EXELFS (Extended Energy Loss Fine
Structure) in electron energy loss spectroscopy, respectively. While both XANES and
ELNES study a region of less than 100 eV directly at the absorption edge, where the
emitted electrons are excited to unoccupied states of the studied material, EXAFS
and EXELFS are used to analyze the interference pattern in a region up to 1 keV
behind the absorption edge, where the emitted electrons are excited to the continuum
(compare figure 2.3 ¢)). Due to this effect, within the dipole approximation, results
from ELNES measurements can nicely be compared to the results obtained by EXAFS
measurements, which are introduced in the next section in more detail.

Within this thesis, EELS measurements, or more precisely ELNES measurements, are
used to measure at the Fe Ly 3 edge to track the changes in the electronic structure of
Li,FePO, to distinguish between Fe?* and Fe?*, which is a direct measure for the Li
content in the investigated volume. More specific information about the experimen-
tal implementation, theoretical description and application of EELS can be found in

references [106, 127].
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2.3 X-ray Absorption Spectroscopy

X-Ray Absorption Spectroscopy (XAS) belongs to the family of spectroscopic meth-
ods, studying the physical interaction between electromagnetic radiation and matter
to obtain information about the electronic and structural properties of the analyzed
materials. In XAS core electrons are excited to unoccupied states or the continuum,
providing information about the unoccupied part of the local density of states (DOS)
and the short-range order within the material. Therefore the method has similarities
with X-ray photoelectron spectroscopy (XPS), where valence electrons of the material
are excited to energy states above the Fermi level, generally providing information
about the occupied part of the DOS. To obtain a good energy resolution and signal-to-
noise ratio, XAS measurements are usually performed at synchrotron radiation sources
providing tunable monochromatic X-ray beams with high photon fluxes.

The energy of the incoming photons can range from 100 eV up to 100 keV, whereat
X-rays with photon energies being lower (higher) than 5-10 keV are called soft (hard)
X-rays. In this energy range the photoelectric effect [128] is the main contribution for
X-ray absorption and other effects like Compton scattering and elastic scattering play
a minor role. Here, the absorption coefficient i of the sample, being proportional to
its photoionization cross section, determining the probability for photoionization (com-
pare subsection 2.2.2 and footnote therein), is studied as a function of the incoming
photon energy u(FE). Figure 2.3 shows a typical X-ray absorption spectrum. Such a
spectrum possesses three major features:

1) a decrease of the X-ray absorption with increasing energy, nearly proportional to
1/E3. This is since the probability for photoionization, due to the photoelectric effect,
can be related to the cross section of a single electron, which in turn is proportional to
1/E3 (for more details see e.g. [129]).

2) a sharp increase in absorption for certain defined energy values, forming so-called
absorption edges. This increase in the absorption coefficient is found for energies of the
incident X-ray beam being equal to the binding energy of core electrons. It is based on
the sharp increase of the number of electrons participating in the photoelectric effect,
and therefore on the increase of the photoionization cross section of the material, when

such an energy value is reached.
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Figure 2.3: X-ray absorption spectrum. a) Typical X-ray absorption spectrum
featuring absorption edges and the exponential decrease of absorption with increasing
energy of the incident beam. b) Energy level diagram of the same material, showing
the connection to the absorption spectrum. c¢) Magnification of the K-edge showing
the regions where XANES and EXAFS measurements are performed.

3) oscillations in the absorption coefficient, starting with an amplitude in the range of
several percent of the total absorption, and lasting for up to several 100 eV directly
behind the absorption edges until they are completely faded.

These oscillations can be understood when taken the quantum mechanical wave-like
nature of the photoelectrons into account. Considering the surrounding atoms as point
scatterers, the backscattered photoelectron waves interfere with the initial forward-
propagating waves, causing the oscillations in the measured absorption coefficient (so-
called short range order theory). In a first approximation this part of the spectra can
be analyzed by assuming plane-waves and single scattering events.

As shown in part ¢) of figure 2.3, XAS is subclassified in two experimental methods,

depending on the nature of the electronic transition. The so-called Near-Edge X-ray
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Absorption Fine Structure (NEXAFS), also called X-ray Absorption Near Edge Struc-
ture (XANES), examines a region of less than 100 eV directly at the absorption edge,
where the photoelectrons are excited to unoccupied states of the studied material.
Shape and position of the adsorption edge comprise information about the chemical
bonding, oxidation state and geometry of the absorption atoms. Accordingly, the Fe L-
edge from LiFePO, shifts upon delithiation, and therefore oxidation of iron from Fe?*
to Fe3™, forming FePQy, by about 2 eV to higher energies due to a stronger bonding
of the core electrons, for instance. Such a feature can be used as a fingerprint to easily
distinguish between oxidation states and will be used throughout this thesis to (locally)
determine the lithium content of Li,FePO4. Section 2.3.2 gives a more detailed intro-
duction to the data analysis of the XANES spectra. In turn, the so-called Extended
X-ray Absorption Fine Structure (EXAFS) studies a region up to 1 keV behind the ab-
sorption edge, where the photoelectrons are excited to the continuum and the analysis
of the interference pattern, mentioned above, gives information about the short-range
order around the absorption atom. Since in this thesis only XANES measurements are
performed, the interested reader is referred for a more detailed description of EXAFS
to the literature [130, 131].

There are three different ways to measure the absorption coefficient p, which are all
used within this thesis.

1) The probably easiest method is the transmission mode, where the ratio of the X-ray
intensity before and after interaction with the sample is measured. For this purpose the
sample has to be sufficiently thin, to circumvent saturation effects and ensure a good
signal-to-noise ratio. Per construction, this method averages over the whole thickness
of the sample; a separation in bulk and surface contributions is not possible.

2) After a photoelectron is excited, the unoccupied state is refilled by an electron of
the sample material of higher energy. The gain in potential energy of this electron,
given as the energy difference between its initial state and the initial core state of the
photoelectron, is generally transferred to another electron which in turn will leave its
bounded state, excited as a so-called Auger electron. The number of Auger electrons,
as well as the number of secondary electrons excited via inelastic scattering with the

relatively high-energy Auger electrons is proportional to the number of the initial pho-
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toelectrons, and is therefore used as an indirect detection method of the absorption
coefficient. Measuring the number of excited Auger electrons (Auger Electron Yield
- AEY) with an electron multiplier gives very surface sensitive information from less
than the top 1 nanometer of the sample, while measuring the sum of Auger, secondary
and photoelectrons (Total Electron Yield - TEY) usually contains information of less
than the top 10 nanometers of the material. This is due to the low mean free path of
high energy electrons and the relatively higher mean free path of low energy electrons
in solids. The TEY can also be measured as a sample current, evoked by the escaping
electrons.

3) Instead of exciting an Auger electron the energy can also be released by irradiation
of a photon. The probability for this process is in the soft X-ray region much lower
than the emission of an Auger electron. But since the X-rays can penetrate through a
thicker layer of the sample, equivalent to the fact, that the fluorescence photons con-
tain also bulk information, the disadvantage of the lower probability and therefore the
signal intensity is partly compensated. Measuring the Fluorescence Yield (FY) and the
TEY are complementary, providing information about bulk and surface characteristics
of a material.

XANES measurements have been performed at the synchrotron radiation facility
HZB/BESSY II in Berlin at two different beamlines. At the ISISS (Innovative Station
for In Situ Spectroscopy) beamline shown in figure 2.4, which is originally designed
to perform in situ XPS and XAS measurements at catalytically active materials un-
der defined gaseous atmospheres using monochromatic tunable X-ray radiation, FY
and TEY are measured to determine the absorption coefficient and lithium concen-
tration of electrochemically cycled LiFePO, electrodes at different state of charges,
respectively (see chapter 3). Details of the used set up of the ISISS beamline can
be found in reference [132] and relevant data of the beamline itself in reference [133].
At the MPI-IS UHV-STXM endstation "MAXYMUS”, installed at the UE46-PGM?2
undulator beamline, mainly designed to analyze element specific magnetic, as well as
structural and chemical properties [134, 135], the X-ray absorption of thin film and
micrometer-sized batteries with LFP electrodes is studied in situ during electrochemi-

cal (de)lithiation (see chapter 4 and 5). The principle of Scanning Transmission X-ray
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Figure 2.4: Photograph of the Innovative Station for In Situ Spectroscopy.
(taken from [133]).

Microscopy (STXM), employed at the ”"MAXYMUS” endstation, is explained in more

detail in the next subsection 2.3.1.

2.3.1 Scanning transmission X-ray microscopy

Scanning Transmission X-Ray Microscopy using zone plate optics was first employed
at the National Synchrotron Light Source (NSLS) in Brookhaven (USA) [136, 137, 13§]
in the late 1980s and is since then performed at several synchrotron radiation sources
around the world. To the best of the authors knowledge, from the 47 synchrotrons
operating worldwide [139], 10 research centers are currently running scanning X-ray
microscopy beamlines using zone plate optics, which are besides the NSLS the Ad-
vanced Light Source (ALS) in Berkeley (USA) [140], the Canadian Light Source (CLS)
in Saskatoon (Canada) [141], the Ultraviolet Synchrotron Orbital Radiation Facil-
ity (UVSOR) in Okazaki (Japan) [142], the European Synchrotron Radiation Facil-
ity (ESRF) in Grenoble (Frankreich) [143], the Swiss Light Source (SLS) in Villi-
gen (Switzerland) [144], the Pohang Light Source (PLS) in Pohang (Korea) [145], the
Shanghai Synchrotron Radiation Facility (SSRF) in Shanghai (China) [146], the Elet-
tra Sincrotrone in Trieste (Italy) [147], and the Berlin Electron Storage Ring Society
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for Synchrotron Radiation (BESSY II) in Berlin (Germany) [134, 135]. This list may
not be complete since new instruments are still put into service like at the Diamond
Light Source (DLS) in Oxfordshire (England) [148]. Here, I will not dwell on the phys-
ical principles of synchrotron radiation or the specifics of beamline and microscope
configuration, but give a short introduction to the mode of operation of a STXM.
The used Scanning Transmission X-ray Microscope "MAXYMUS” is attached to the
UE46 undulator beamline and together with the optical design of the beamline de-
picted in figure 2.5.

computer
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Figure 2.5: Drawing of the MAXYMUS beamline. Overview over the UE46-
PGM2 undulator beamline with the MPI-IS UHV-STXM endstation "MAXYMUS”,
showing the optical path of the X-ray beam and the main working principle of a STXM.

An undulator is an insertion device used at synchrotron radiation sources producing
a high photon flux in a narrow energy band [149]. It is built by a periodic structure
of alternating dipole magnets, forcing the traversing electrons in the storage ring to
undergo oscillations and consequently to emit electro-magnetic waves. The installed
undulator covers a soft X-ray energy range from 130-2000 eV. From this energy band,
single wave lengths are selected by a so-called collimated plane grating monochromator
(PGM) [150]: the first mirror in the optical path, shown in figure 2.5, collimates the

light which is then deflected by a tiltable plane mirror, allowing for the variation of the
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deflection angle, onto the grating. From here the mono-energetic X-rays are focused by
a toroidal mirror onto a pinhole and fed into the STXM, where the beam is focused by a
Fresnel zone plate onto the sample, while a center stop in the zone plate blocks the zero
order. The zone plate is built by alternating opaque and transparent concentric rings,
the Fresnel zones, focusing the light by diffraction around the intransparent zones. The
spacing of the zones is designed in a way that a constructive interference occurred at
the focus point, whereat the width of the zones has to decrease with increasing dis-
tance from the center and the outermost spacing determines the minimal spotsize and
therefore limits the resolution of the zone plate. Chao et al. reported on zone plates
with outer zones and resolved features as small as 12 nm [151]. Even higher resolution
down to the nm-scale might be obtained by Ptychography in the near future, where
the diffraction pattern is recorded at every point of the scan and solved for its phase
contributions [152, 153, 154]. An order sorting aperture (Osa) between zone plate and
sample allows to select the required diffraction order (different diffraction orders are
used for different energy ranges) and a fast avalanche photodetector (APD) is used
for detecting the transmitted photons. While the positions of the zone plate, Osa and
detector are fixed during the measurements, the sample is mounted on a piezo stage to
raster it in x- and y-direction, while keeping it in the focus of the X-ray beam. Figure

2.6 shows photographs of the inside of the microscope.

zone plate sample

- I /§
-l ™ | ERT . ’

order sorting aperture detector  electrical contacts

Figure 2.6: Photographs of the interior of the MAXYMUS endstation. The
photographs show the UHV-STXM endstation "MAXYMUS” with a built-in sample.

Before the measurements start the right stage with detector and sample is moved closer

to the Osa to place the sample in the focus of the X-ray beam, about a millimeter away
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from the Osa. What sounds easy, requires a lot of alignment of all components in the
optical path before and if necessary realignment during the measurements to obtain
a good lateral and chemical resolution, as well as signal-to-noise ratio. Furthermore,
suppression of instabilities, such as high and low frequency oscillations as well as beam
drifts, is another big issue to conduct successful experiments, which should not further
be addressed here.

The STXM main chamber of the used UHV-STXM endstation "MAXYMUS” is con-
nected to a turbo molecular pump, an ion getter pump, a titan sublimation pump and a
cryopump to reach and preserve a pressure of < 1-10~7 mbar during the measurements.
After mounting the sample on the sample holder and fixing it in the optical path, the
sample can be electrically contacted from the outside of the STXM, by connecting the
cables with the vacuum tight electrical feed throughs.

STXM is used in this thesis to follow in situ the (de)lithiation of a LEP thin film as a
special representative of a multi-particle arrangement (chapter 4), and the phase evo-
lution in a micro-sized battery cell with a single crystalline LiFePO, cathode, literally
made of a single LF'P particle (chapter 5). This method is especially eligible due to its
high chemical and spatial resolution as well as comparable low dose and good signal
to noise ratio with a large field of view at a short measurement time, executed under
a clean UHV environment. Compared to frequently used in situ XRD measurements
reflecting ensemble averages [96, 155, and in situ TEM studies probing only a few
hundred atoms or when using energy-filtered TEM, rely for a comparable field-of-view,
chemical and lateral resolution and signal to noise ratio on a higher dose, more time
and sample thicknesses below 50 nm [156, 157], STXM uniquely allows to observe the
delithiation/lithiation mechanism in the studied samples with the needed chemical and

spatial resolution.

2.3.2 X-ray absorption near edge structure - data analysis

The absorption spectrum at the Fe L edge is characterized by the electron transition
from the 2p; /5 and 2ps/, levels to unoccupied 3d states. Therefore the intensity and
particularly the position of the Ly and Ls absorption feature depend on the occupancy

of the d-band and the iron valence state (Fe*/3%), respectively (compare figure 2.7).
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Upon delithiation a shift of the Ls line from around 708 (Fe®t) to 710 eV (Fe**) is
known [155, 158, 159] and used throughout this thesis to fingerprint the change in the

(local) state of charge.
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Figure 2.7: X-ray absorption spectrum of LiFePO, at the Fe L,3; edge.
Intensity measured at the ISISS beamline around the Fe L, 3 edge as TEY. As reference
materials the commercially available LiFePO, powder for lithium ion power batteries
from LinYi Gelon LIB Co.,Ltd, belonging to the Gelon LIB group [160] and a FePOy
powder from Aldrich is used.

Using LFP and FP reference materials, e.g. the ones whose absorption spectra are
shown in figure 2.7, the lithium content of the samples are determined by fitting their
XANES spectra by a linear combination procedure of the two reference spectra after
removal of the background and normalization.

To visualize (de)lithiation kinetics using in situ STXM, area scans are performed at
single energies before the edge jump (704 eV) and at the centroids of the respective
Fe?* (708.7 V) and Fe®' (710.6 eV) Gaussian XANES contributions, as previously de-
termined by a full absorption spectrum. Using the transmitted intensity at 704 eV as
Iy, the intensity of the beam before interaction with the sample, the optical density and
absorbance at 708.7 and 710.6 eV can be calculated, respectively. The absorbance is the
mathematical quantity given by Ay = lg (ITO), with Iy and I being the intensity of the
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radiation before (Iy) and after (1) it passed through the sample, respectively.? Compar-
ing the absorbance at each point of the sample according to lg (%) /lg <%) as a
function of time, records the transition between the two oxidation states and therefore

the (de)lithiation of LiFePOy.

2 Absorbance does not necessarily measure only the absorption of light; i.e. it can also include effects
like light being scattered by a sample (e.g. inside a dispersion). However, these interactions can be
excluded for the samples studied in this thesis. Hence, it is a measure for the absorption coefficient
of the analyzed samples.
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Chapter 3

Cycling of LiFePO, Powder
Electrodes

In this chapter a full battery LFP electrode material, consisting of carbon-coated
solvothermally grown LFP, additional carbon additive and a Polyvinyldifluorid (PVDF)
binder is analyzed via XRD, XANES, EELS and HRTEM. The aim of this work is to
investigate the lithium distribution in differently sized LFP particles within a multi-
particle arrangement of a real battery material as a function of the batteries state
of charge. The distribution inside the larger particles is compared with the distribu-
tion within the small, only some ten nanometer big, particles and is examined using
EELS and HRTEM. Furthermore, a combination of surface sensitive total electron
yield (TEY) and bulk sensitive fluorescence yield (FY) XANES measurements is used
to distinguish between the lithium distribution in the surface and bulk region and gives
an insight into the charging mechanism. A turbostratic stacking of layers is found in
nanosized particles and identified to be responsible for sluggish lithium insertion and
extraction, resulting in a comparibly lower practical capacity during electrochemical

cycling than larger particles provide, not exhibiting higher dimensional defects.
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3.1 Sample Preparation

3.1.1 Synthesis of powder

The solvothermal synthesized LiFePO, cathode material has been prepared accord-
ing to [161]. In a nutshell, metallic lithium has been dissolved in ethanol, equimolar
amounts of Fe(II) acetylacetonate and H3POy, as well as a nitrogen containing carbon
precursor to build a N-doped carbon coating on the forming LiFePO, particles, have
been added and the solution has been heated in an autoclave to 200 °C for 24 h under
autogenous pressure. The precipitation has been washed with ethanol and heated in
a muffle oven to 700 °C for 6 h under nitrogen atmosphere to increase crystallinity
and enhance electronic conductivity of the carbon coating. In a last step, the resulting
chunks have been ground manually.

Furthermore, commercial FePO, powder has been purchased from Aldrich as a ref-
erence material for the XANES quantification of the FePO, amount in the cycled

material.

3.1.2 Preparation of electrodes

The electrode material is composed of 85 % of the synthesized, carbon coated LiFePO,
powder, 10 % carbon black (Super P - MMM Carbon) to form the electron conducting
network and 5 % PVDF, acting as a binder. In a first step, the LFP powder is mixed
with carbon black in a mortar for about 15 minutes. Then the PVDF binder is added
as a 2.5 % solution with N-methyl pyrrolidone (NMP) as solvent and the suspension is
mixed for another 15 minutes to obtain a homogeneous slurry. The subsequent coating
of the well-homogenized slurry on a previously cleaned Al current collector foil, using
a doctor blade with a spacing of 80 pm, is followed by drying the electrode foil in a
vacuum oven at 60 °C for 14 h. Discs with a diameter of 10 mm are punched out of
the foil, weighed and transferred to an Ar-atmosphere containing glovebox, where the
electrochemical cells are assembled. The active mass for every electrode is calculated
from the mass of the punched discs with and without casted electrode material, the
amount of carbon coating on the LiFePO,4 powder and the mentioned composition of

the electrode material (85:10:5).
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3.1.3 Cycling of electrodes

Electrochemical charge/discharge measurements have been performed in vacuum tight
two-electrode Swagelok-type stainless steel vessels (see figure 3.1), assembled inside an

Ar-atmosphere containing glovebox.

Isolating mylar foil

Spring (polyethylene terephthalate)

Al foil with

Metal disk Cathode material

Electrolyte Separator

Lithium

Figure 3.1: Measuring cell for electrochemical tests. Drawing of the battery
set-up in a Swagelok-type cell.

The prepared LiFePO,/C disc-electrodes have been used as working electrodes, pure
lithium foil from Aldrich as counter and reference electrodes, glass fiber (GF/D) from
Whatman as separator, and a 1 M lithium hexafluorophosphate (LiPFg) in ethylene
carbonate/dimethyl carbonate solution (EC/DMC, 1:1 by volume) as electrolyte. Us-
ing a battery tester BT Pulse from Arbin Instruments, the LFP cathodes have been
galvanostatically charged and discharged at a current density of 0.1 C in the potential
range between 2.0 and 4.0 V (vs. Li).

3.1.4 Preparation for XANES and EELS measurements

The cycled electrodes are withdrawn from the Swagelok-type cells inside an Ar-atmos-
phere containing glovebox and cut with a scalpel into two pieces. One of the two pieces
is then dipped for 3 seconds in a 1 Vol% NMP in Tetrahydrofuran (THF) solution to
dissolve some of the fluoride containing binder and residuals of the electrolyte from the

surface to reduce the disturbing overlap upon XAS and EELS investigations of the Fe
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L-edge from the cathode material and the F K-edge from the binder and electrolyte,
respectively. Then both halves are again cut in the middle, so that for both XAS
and EELS measurements a dipped and a non-dipped reference of the same electrode
is available. For XANES measurements, the sample transfer from the glovebox to the
ISISS endstation has been done with a vacuum transfer system to avoid any possible
contaminations. The samples for EELS (and HRTEM) measurements are dry deposited
onto a C-covered holey copper TEM-grid inside an Ar-atmosphere containing glovebox

and the sample transfer to the TEM is done with a vacuum transfer holder.

3.2 Sample Characterization

3.2.1 Compositional characterization by ICP-OES

The as-prepared carbon coated LFP powder has a composition of 85.5 wt% LiFePQy,
12 wt% C and 2.5 wt% N (nitrogen doped carbon coating). The exact cation ratios
in the LFP powder are analyzed by ICP-OES using a Spectro Ciros CCD system from
Spectro Analytical Instruments, while the oxygen content is determined by the carrier
gas hot extraction method. The results are, within the error margins of 1-2 %, in

agreement with nominally pure LiFePOy,

3.2.2 Morphological characterization by SEM and TEM

The SEM and TEM images shown in figure 3.2 disclose a broad particle size distribution
of the active LFP material, as well as different particle morphologies. Such a wide
distribution in particle size is not unusual, even for commercially available battery
materials, and can also be found e.g. for the LFP powder for lithium ion power
batteries from LinYi Gelon LIB Co., Ltd, belonging to the Gelon LIB group [160],
exhibiting a granularity of Dyg > 0.5 pm and Dgg < 20 nm, respectively.

Hence, the studied powder shows a typical particle size distribution for a full battery
electrode material. Furthermore, the TEM image in figure 3.2 nicely shows the carbon
matrix, in which the LFP particles are imbedded, ensuring a good electronic contact

of all particles.
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Figure 3.2: SEM/TEM image of the LFP powder. a) SEM image of the as-
prepared LFP powder. b) TEM cross-section micrograph of LFP particles from the
full LFP electrode. The circles in b) mark some of the studied LFP particles (see figure
3.8).

3.2.3 Electrochemical characterization

Electrochemical charge/discharge measurements have been performed according to
subsection 3.1.3, using a battery charger BT Pulse from Arbin Instruments. Further-
more, cyclic voltammetry measurements have been done within the same two-electrode
Swagelok-type stainless steel vessels against lithium metal. The shape of such a cyclic
voltammogram has mathematically been described by Randles and Sevcik via the fol-

lowing equation [162, 163]

(nAF) <n§g)/ =) (3.1)

Here, i is the faradayic current, n the number of electrons involved in the redox reaction

(here: n=1), A the area of the electrode, F' the Faraday constant, ¢ the concentration,
R the gas constant, T the absolute temperature, D the chemical diffusion coefficient
of the electroreducible species, v the scan rate, and y a transcendental function, used
to express the general form of a voltammogram and whose values are tabulated for
different kinds of chemical reactions and particularly for the different characteristic

points of a voltammogram [164, 165].! If i is limited by the diffusion of the electroac-

nterestingly, the Randles-Sevcik function +/mx(z) is identical to the Fermi-Dirac function
J_3/2(x) [166], having the general form Jy(z) = F(k1+1) fooo et—t:+1

pressing the number of electronic charge carriers in an energy band of a solid (k=1/2).

dt, being used inter alia for ex-
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tive species inside the electrode particles, i.e. fast charge transfer at the electrode -
electrolyte interface, plotting the peak currents i, of several voltammograms, obtained
at different scan rates, versus the square root of the scan rate /2, provides, according
to equation 3.1, the chemical diffusion coefficient from the slope of the corresponding
linear fit. To determine the peak currents, a background current baseline, originating
from the ionic double layer at the surface of the electrodes, functioning as a capaci-
tor, is extrapolated to the peak potentials. With a tabulated value of 0.4463 for the
transcendental function y at the peaks of the voltammogram [164], the Randles-Sevcik

equation simplifies for T'=298 K to

1/2
I,=269-10° [ ] n¥2AC (VDM> . (3.2)

molV'1/2

For the measurements presented in figure 3.3 this gives D;;=1.24-107'° ¢cm?/s for the
cathodic and D;;=8.67-10"! ¢m? /s for the anodic chemical diffusion coefficient, respec-

tively. Both values are well within the range of reported lithium diffusion coefficients,
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Figure 3.3: Cyclic voltammograms of a LiFePO, powder electrode. a) Cyclic
voltammograms of a LiFePO, powder electrode, recorded at different scan rates. b)
Plot of the cathodic (black) and anodic (red) peak currents vs. the square root of the
scan rate v'/2.

ranging from 107% cm?/s to 1071 cm?/s [88].2

2Note, this method of determining the chemical diffusion coefficient, though widely used in litera-
ture, has some general shortcomings: first, the used electrode area does not stringently correlate with
the surface of the active particles. Moreover, not all particles participate simultaneously in the lithium
exchange, but a particle by particle mechanism is observed and therefore, for slow (dis)charging, most
of the particles remain idle. Consequently, the measured (de)lithiation behaviour of the multi-particle
system can not be simply transferred to the single-particle scale to determine a materials’ prop-
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Figure 3.4 a) shows a typical first charge-discharge cycle of one of the prepared LFP
electrodes. A charge capacity of 147 mAh/g (average value: 150 £+ 12 mAh/g) and a
discharge capacity of 129 mAh /g (average value: 126 + 6 mAh/g) is obtained at a rate
of 0.1 C, cycled in a 1 M LiPFg in EC/DMC electrolyte versus lithium metal. The dis-
crepancies between charge and discharge capacities during the first cycles are already
known from literature and mainly attributed to the formation of a solid electrolyte
interphase (SEI). After 10 cycles, capacity retention and coulomb efficiency, respec-

tively, reaches already 98 % (compare figure 3.4 b)). Both CV and charge-discharge
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Figure 3.4: Charge-discharge cycle of LFP powder. Charge and discharge
capacity of LFP in the first (a) and tenth (b) cycle. Several Electrodes are analyzed
by XRD, XANES, EELS ans HRTEM before electrochemical cycling (just assembling
and disassembling of Swagelok-cell, D;,;;), at half charged state (1/2 C), fully charged
(C), fully discharged (D;4) and after 10 complete cycles (Dyoi)-

experiments indicate that olivine structured LFP is not the only electroactive phase
of the cathode material, but an impurity phase, exchanging lithium below 3 V, exists.
The capacity of this phase impurity accounts for about 3-4 % of the overall electrode
capacity and consequently has no measurable impact on the results, presented in the

following sections.

erty. Furthermore, the concentration is generally chosen in literature as the lithium concentration in
LiFePQy, although the vacancies are the mobile species in the material. The concentration of which
depends on the presence of impurities or anti-site disorder [57]. Thus determined chemical diffusion
coefficients are therefore only effective values and are estimated here to roughly compare with other
literature values and by no means expected to mirror a real materials’ property.
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3.3 Results

LFP powder electrodes are studied at different state of charge using XRD and HRTEM
to investigate changes in the host structure, while XANES and EELS measurements
are performed to analyze the changes in the electronic structure, giving information
about the lithium content. To do so, the Swagelok-cells are carefully disassembled
after the electrochemical cycling, as explained in subsection 3.1.4. The combination
of integral methods (XRD, XANES) and lateral resolved methods (HRTEM, EELS)
allows to carefully study the complex lithiation process on different scales. Several
Electrodes are analyzed before electrochemical cycling (just assembling and disassem-
bling of Swagelok-cell, D;,;t), at half charged state (1/2 C), fully charged (C), fully
discharged (D;g) and after 10 complete cycles (Dqg,). The results are summarized in

the following subsections.

3.3.1 Structural investigations - XRD measurements

The XRD measurements are performed on a Bruker AXS D8 Advance diffractometer
using a Cu-Ka radiation source. Figure 3.5 shows the XRD pattern of the as-prepared
cathode material together with the XRD patterns recorded at the different state of
charge (Djnit, 1/2 C, C and D14) and reference diffractograms for both LFP and FP. All
main diffraction peaks from the as-prepared powder can be assigned to the LEP-related
orthorhombic crystal system with space group Pnma(62). Only a small additional peak
around 30° indicates the presence of a phase impurity, fitting to the electrochemical
measurements.

The cycled electrodes show the expected phase content of LFP and FP at every state
of charge (Djni, 1/2 C, C and D;y), whereat detailed numbers, obtained by Rietveld
analysis on the recorded XRD patterns, are given in table 3.1 in the next subsection,
and are discussed together with the expected values from electrochemical cycling and
XANES measurements. The obtained lattice parameters from Rietveld analysis are
in agreement with a 2-phase reaction mechanism, i.e. they are independent of the
batteries’ state of charge (differences below 0.1 %), and determined to be for the LFP
phase 10.321 (a), 6.001 (b) and 4.691 (c) and for the FP phase 9.812 (a), 5.791 (b)
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Figure 3.5: XRD pattern of differently cycled LiFePO, powder electrodes.
The XRD pattern of the as-prepared cathode material is plotted together with the
patterns of the initial electrode material, as well as with the half charged, fully charged
and fully discharged samples. Furthermore reference diffractograms for both LFP and
FP are shown (according to [167]).

and 4.784 (c).

3.3.2 Bulk and surface lithium concentration - XANES mea-

surements

XANES measurements are done at the synchrotron radiation facility HZB/BESSY 1T
in Berlin at the ISISS beamline (compare section 2.3). Fe Ly 3 edge spectra are recorded
at energies of 705-730 eV to track the change in the iron oxidation state and lithium
concentration within the LFP cathode material, respectively. The shift in the main
absorption feature upon (de)lithiation is used to quantify the change in Fe?*, Fe3* and
the corresponding lithium concentration (compare subsection 2.3.2).3 Both surface
sensitive TEY and bulk sensitive FY absorption measurements are carried out to dis-

tinguish between the lithium concentration within the surface and the bulk of the LFP

3A direct study of the Li K edge (around 55 eV [168]) is not possible due to an insufficient energy
resolution and overlap with the Fe M edge (around 54 eV [168]).
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particles. Figure 3.6 shows the recorded TEY (a) and FY (b) spectra of the differently
cycled electrodes. The difference in the spectral shape of TEY and FY measurements
results from self-absorption of the emitted photons, generating the FY signal, while

travelling through the solid, leading to a blurring of the FY spectrum.
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Figure 3.6: XANES spectra of cycled electrodes. Fe L,3 TEY (a) and FY (b)
XANES spectra of the cycled LFP cathodes, plotted together with the LFP and FP
references (according to [167]).

The LFP and FP contents of the differently cycled electrodes are determined after
background removal and normalization of the spectra to the edge jump by fitting them
with a linear combination of a FP reference spectra (material purchased from Aldrich)
and the spectrum from the initial, uncycled LFP electrode. Table 3.1 lists the LFP
and FP concentrations in the cycled LFP electrodes as expected by electrochemical
cycling (EC) and determined by XRD and XANES measurements.

The deviation from 100 % FP in the charged state (C) and 100 % LFP in the dis-
charged state (D4 ) for the values obtained from electrochemical cycling, results from
the achieved respective capacities, deviating from the theoretical capacity of LiFePOy
of 170 mAh/g. Interestingly, the XRD measurements show for the fully charged state
a pure FP phase and for the fully discharged state (D;y) a pure LFP phase. This
is not a contradiction, since XRD gives the amount of crystallographic phase con-
tent of Li,FePO, and Li;_,FePOy in the sample, which is not directly correlated to

the lithium concentration in the cathode material due to the unknown lithium con-
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measurement mode EC XRD XANES (FY) | XANES (TEY)
state of charge LFP | FP | LFP | FP | LFP | FP LFP FP
Dinit 100 | O | 100 | © 100 0 100 0
1/2C 50 | 50 | 49 | 51 46 54 36 64
C 12 [ 8 | 0 |100| 27 73 25 75
Digt 8 | 14 | 100 | 0O 96 4 89 11

Table 3.1: Quantification of LFP and FP content in cycled electrodes. LFP
and FP concentration in the cycled LFP electrodes as expected by electrochemical
cycling (EC) and determined by XRD (crystallographic phase content) and XANES
(Fe**/3* concentration), given in %.

tent in the boundary phases and due to the solubility of both phases in each other.
Moreover, it should be kept in mind, that most of the XRD signal comes from large,
well-crystallized particles, while this method is not very sensitive to nanosized parti-
cles. Hence, the XRD results indicate, that the vast majority of the big LFP particles
have participated in the charge and discharge process of the battery, while they do not
provide information about the total lithium concentration in the electrode at different
states of charge. A more direct measure for the lithium content in the active material
is given by the XANES measurements. These provide for the charged state a lithium
content of 25 % (TEY) and 27 % (FY), respectively, while the determined lithium
concentration in the electrodes after a complete cycle is again in agreement with the
expectation from electrochemical cycling. The lithium content in the fully charged
electrode, being higher than expected from electrochemical current integration, can be
understood in terms of SEI formation on the lithium anode. Thus, a part of the cur-
rent in the first cycle is generated by electrolyte decomposition at the anode. A look
at the charge-discharge curves, shown in figure 3.4, reveals a current flow at voltages
higher than the horizontal plateau, at the end of the charging process, equivalent to a
capacity of about 15 mAh/g, corresponding to 9 % lithium exchange. Therefore, the
lithium content determined by XANES measurements fits, within the error margins,
to the expected content determined by electrochemical cycling, when SEI formation is
taken into account. Interestingly, the TEY and FY results for the half charged sample
(1/2 C) differ by 10 % from each other, i.e. upon charging the LFP electrode material,
the surface layer of the particles is delithiated faster than the core. This fits to the
delithiation behaviour observed by Sigle et al., namely that delithiation of large LFP



Chapter 3. Cycling of LiFePO4 Powder Electrodes 61

crystals proceeds via delithiation of the surface-near region [169].

3.3.3 Lithium distribution as function of particle size - EELS

measurements

To study the lithium content of differently sized, individual particles, an image-corrected
FEI 80-300 Cs TITAN TEM is used and EELS spectra acquired using a postcolumn
GIF Tridiem Filter, exhibiting an energy resolution of 0.8 eV. The measurements are
performed at acceleration voltages of 80 and 300 keV, respectively, whereat special
care has been taken to exclude possible beam damage on the samples (more details can
be found in [167]). Figure 3.7 shows for differently cycled electrodes, EELS spectra of
particles smaller than 100 nm and compares them to the corresponding XANES (TEY)

measurements.
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Figure 3.7: EELS spectra of particles smaller 100 nm. The solid lines are Fe Ly 3
EELS spectra of particles smaller than 100 nm. They are recorded at different states of
charge of the battery and compared with the respective XANES (TEY) measurements
(dotted lines).

As can be seen, the EELS spectra of all analyzed particles show only a Fe?* contribu-
tion, independent of the state of charge of the associated electrode. This suggests that
the nanosized particles in the LFP cathode material behave significantly different than

the average electrode particle, i.e. they do not get delithiated and do not participate in
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lithium exchange upon cycling, respectively. To ensure that this finding is not an arti-
fact, maybe originating from the particle by particle (de)lithiation mechanism or some
unknown measurement error, several particles of different sizes from the completely
charged electrode material (charge state C) are analyzed. Some of the corresponding

EELS spectra are shown in figure 3.8, representative for all analyzed particles.
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Figure 3.8: EELS spectra of differently sized particles. All analyzed particles
are from the completely charged electrode (charge state C). Particles from the sample

7 W7

prepared in the glovebox and measured at 80 keV are labeled as ”g”, and cross-section
prepared samples, measured at 300 keV are labeled as ”¢”. Reprinted from [167].

A clear trend of increasing Fe?* contribution with increasing particle size is found in
the EELS spectra, whereat the biggest change in Fe?* and Fe3* contribution is found
for particles around 100 nm in size. This proves the different cycling behaviour of
differently sized particles within the same electrode, whereby the nanosized particles

seem not to participate in the cycling at all.

3.3.4 Higher dimensional defects - HRTEM measurements

To elucidate the origin of the different cycling behaviour of differently sized particles

within the same electrode, HRTEM measurements are performed on several particles
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of various sizes. Figure 3.9 shows representative HRTEM images of a nanosized LFP

crystallite.

Figure 3.9: HRTEM image of a nanosized LFP crystallite. a) HRTEM of a
small olivine-structured LFP crystallite, revealing point defects in the Li,FePO, lattice.
b) Turbostratic stacking of layers visible through non-periodic contrast variation. c)
Colour coded representation of b). d) Fourier transformation of b) with an inset of
the 7split” diffraction spots, reflecting the turbostratic arrangement. Reprinted from
[167].

The lattice fringe image, shown in figure 3.9 b), reveals a non-periodic contrast varia-
tion, originating from turbostratic stacking of LFP layers in the crystal. To visualize
this defects and alterations from the perfect crystal structure, respectively, the same
image is color-coded and replotted in figure 3.9 ¢). Additionally, the power spectrum
(Fourier transformed) of this HRTEM image is plotted in figure 3.9 d), where a vari-
ation, i.e. 7split”, of diffraction spot positions can be seen in the small insets. These
"double spots” are indicative for a turbostratic stacking and rotational disorder, re-
spectively, of LFP layers within the particle. The analysis of the Fourier transformed

image indicates for this nanosized LFP crystallite a rotational disorder along [101] be-

tween 0.4 and 0.9°, whereat also other rotational disorders are found in other nanosized
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LFP particles. For the larger particles such higher dimensional structural defects could
not be found, but instead they are mostly well crystallized. Figure 3.10 shows HRTEM
images of the small (a,b) and of a representative larger LFP particle (c,d) in greyscale,

as well as color coded. The gradual variations in the greyscale and color for the large

Figure 3.10: HRTEM of LFP crystallites. HRTEM of nanosized (a, b) LiFePO4
particles and large (c, d) crystallites in comparison. Reprinted from [167].

LFP particle can be assigned to a gradual thickness variation, while the non-monotone,
non-periodic contrast variation for the nanosized particle results from the mentioned
rotational disorder. These higher dimensional defects are predominantly found in nano-
sized particles and are identified to be responsible for the sluggish lithium exchange,
because a rotational disorder in the particle can block the 1-dimensional channels for
lithium transport, as well as impair the transport along the other directions, leading
to a "trapping” of lithium in the lattice.

In a nutshell: while the obtained results are in agreement with a 2-phase mechanism
(XRD), as already proposed by Padhi et al. [24], and with a core-shell structure of the
active particles (XANES), as already reported by Sigle et al. [169], EELS measure-
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ments indicate that, within the studied full electrode material with a broad particle
size distribution, particles smaller than 100 nm show a different cycling behaviour and
seem not to participate in the charging process at all. This is totally unexpected since
the lithium chemical potential within the particles p; is given by the bulk value u%
plus a term proportional to the surface energy ~ divided by the particles’ radius r
(i = pes + Q%Vm, V,n molar volume). Hence, py; is larger for smaller particles, so
that these should delithiate first. A comparative study of particles of different sizes
by HRTEM identifies a turbostratic stacking of layers in the nanosized particles as the
origin of this loss in practical capacity, due to a disturbance and eventually blocking of
the 1-dimensional lithium transport channels in the olivine structure, giving a striking
example for the importance of defect chemistry on the (de)lithiation mechanism. A
possible explanation, why these higher dimensional defects are only present in small
particles (< 100 nm), may be found in the synthesis of the LFP powder, favoring the

growth of particles without higher dimensional defective structures.
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Chapter 4

In situ Observation of Lithiating a

Li,FePO, Thin Film

In this chapter, the work carried out on a newly designed and fabricated all-solid-
state thin film micro battery using LiFePO, as cathode, Liz5V(5Si0504 (LVSO) as
electrolyte and a lithium aluminum alloy (LiAl) as anode material is presented. All
three layers are grown by pulsed laser deposition. Compared to other thin film solid-
state electrochemical cells presented in literature [114, 170, 171, 172], this concept
does not have simply anode, electrolyte, and cathode stacked on top of each other
on the substrate. Instead, a geometry which is rotated by 90° compared to typical
solid-state electrochemical cells is employed, so that a lateral design concept results,
in which the overall Li transport path is oriented along the substrate’s surface. Using
a X-ray transparent Si3sN, membrane as substrate, this geometry makes it possible
to use STXM to follow in situ the (de)lithiation of Li,FePO, within the multi-grain
LFP thin film cathode by studying the shift in the Fe L-edge upon lithium exchange.
The observed initial lithiation process does not follow the classical particle by particle
mechanism as described by Dreyer et al. [99], but instead a rather simultaneous albeit

inhomogeneous lithiation is observed.
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4.1 Sample Preparation

4.1.1 Synthesis of powder and preparation of targets
LiFePO,

LiFePO, powder is synthesized using an aqueous solution route, mixing equimolar
amounts of Fe(NO3)3 - 9H50 (99.99 %, Aldrich) and LiHyPO4 (99.99 %, Aldrich). Under
continuous stirring on a hot plate the water is evaporated upon release of nitrous fumes,
whereat a temperature of > 100 °C is avoided at the end of evaporation to protect from
splashing. The obtained white powder is milled in a mortar and immediately heated to
300 °C for 3 h inside an Al;O3 crucible in an Ar atmosphere containing 5 % Hs. The
resulting brownish powder is again milled and then isostatically pressed into a pellet
using rubber forms and a pressure of about 300 MPa. These pellets are sintered under
Ar/Hy atmosphere (95/5 Vol%) at 500 °C for 12 h and show a grey colour after the
heat treatment.

To prepare the targets for PLD the pellets are grinded in a mortar and the fine powder
is isostatically pressed into a new pellet at a pressure of 600 MPa, followed by a 2 h
heat treatment at 600 °C under Ar/Hy (95/5 Vol%) atmosphere. The pellets have a
diameter of about 11 mm, a height of about 5 mm and a density of about 68 %, which is
slightly higher than what is reported by Sauvage et al. for their LiFePO, PLD targets
[173]. They are glued onto a stainless steel target holder with a silver epoxy glue and

subsequently stored in an desiccator.

LVSO

The electrolyte material with the nominal composition Lis 5V 5519504, being a solid
solution of LiySiO4 and LizVOy, is synthesized by a solid-state reaction method mixing
equimolar amounts of Li;COjz (99.99 %, Aldrich), SiOy (99.9 %, Aldrich) and V5Os4
(99.99 %, Aldrich) according to [174, 175]. After mixing the powder in a ball mill with
acetone, it is dried and heated to 750 °C in air inside an Al,O3 crucible for 24 h to
convert Li;CO3 to Li;O and to form the solid solution. After the reaction the powder
is milled in a mortar and then isostatically pressed into pellets using rubber forms and

a pressure of about 600 MPa, followed by a 4 h heat treatment at 800 °C in air. The
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resulting pellets have a diameter of about 10 mm, a height of about 5 mm and a density
of about 82 %. They are glued onto a stainless steel target holder with a silver epoxy

glue and stored together with the LFP targets in an excicator.

LiAl

LiAl alloy with a molar ratio of 1:1 has been bought as a powder (99.9 %, ELSAmetal)
and directly pressed into a pellet at a pressure of 600 MPa, whereat the rubber forms
have been filled, sealed and reopened after the pressing inside an Ar-atmosphere glove-
box. The pellets have a similar size as the LFP and LVSO pellets and are as well glued
onto a stainless steel target holder with a silver epoxy glue, again under Ar-atmosphere.
The powder as well as the targets are stored in an Ar-atmosphere glovebox and trans-
ferred to the PLD chamber under argon atmosphere to prevent reactions with air and

to ensure a target surface as clean as possible.

4.1.2 Thin film deposition by PLD

The importance of various parameters in PLD on the film quality and composition has
already been described in section 2.1. Here the parameters for growing LFP, LVSO and
LiAl films, found to be optimal for the given PLD system using a KrF excimer laser
with a wave length of 248 nm, are listed. For all films freshly polished targets are used.
Furthermore all substrates are polished and cleaned in acetone in an ultrasonic bath
for 10 minutes before placing in the PLD chamber. Only the fragile SigN, membranes,
which are single packed under clean room conditions by the producer, being used as
substrates for the thin film batteries, are used without further treatment.

The deposition procedure starts for all materials with an evacuation of the chamber
for about 2 h, meanwhile temporarily flooding the chamber with the process gas to get
rid of adsorbed water inside. The pressure is kept constant at the respective deposition
pressure during heating, deposition and cooling by a combination of pumping and
a continuous flow of process gas into the chamber. After heating the substrate to
deposition temperature, the temperature is hold for at least 1 h to equilibrate before
the deposition starts. After deposition and cooling, the chamber is flooded with argon

and both sample and target are removed.
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LiFePO,

The optimized parameters, in terms of phase purity, crystallinity and electrochemical
performance, for the growth of LiFePO,4 via PLD are summarized in table 4.1. Similar
parameters have already been reported in literature for LFP deposition using other

PLD-systems (compare e.g. [47, 176]).

Parameter Value

Rotational speed of target > 90/s

Distance target - substrate 30 mm

Substrate materials Si (100), Nb:STO (100), Ti, SizNy
Substrate sizes (10x10x0.5) mm, (5x5x0.5) mm
Base pressure ~ 1073 mbar

Process gas Argon

Deposition pressure 0.2 mbar

Flow rate ~ 3 sccm/s

Deposition temperature at substrate 525 °C
Equilibration time before deposition 1 h

Heating rate 20 °C/min up to 250 °C
10 °C up to 525 °C
Cooling rate 5 °C/min down to 250 °C
10 °C/min down to room temperature
Laser energy (density at target) 75 mJ (1.3 J/cm?)
Laser frequency 5 Hz
Pulse duration ~ 10 ns
Laser pulses with closed shutter 600
Growth rate ~ 0.10 A/ pulse

(from SEM cross section measurements)

Table 4.1: PLD parameters for LFP deposition. This table lists the used PLD
parameters for depositing LiFePO,. The given heating/cooling procedure is especially
important when using SizN, membranes as substrate, to ensure membrane stability.

The main challenge in depositing LFP in the available PLD quartz glass chamber is,
that the used PLD set-up is not totally gas-tight and has a leakage rate of about
Q = 3-107% mbar-L/s !, respectively, so that air and therefore small amounts of
oxygen pour into it. While this is not a fundamental problem for synthesizing oxygen
materials, the iron in LiFePOQy is easily oxidized to Fe?", following e.g. the reaction
12LiFePO4+30y — 4LisFes(POy4)3 + 2Fe; 03 [178], making it impossible to form pure

olivine structured LiFePO,. This inflow of oxygen is enough to oxidize all of the

! According to [177] a vacuum chamber is very close for Q < 107¢ mbar L/s, sufficiently close for
Q < 10~° mbar-L/s and leak for Q > 10~* mbar-L/s.
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deposited Fe?*. The use of KF flanges, which are limited by the o-rings’ properties,
is identified to be the weak point of the recipient. However, the quartz glass chamber
can only be used with KF flanges, becoming noticeable leaky at elevated substrate
and correspondent chamber temperatures. Trying simultaneous evaporation of lithium
during deposition and changing the process gas to 5 % (Ar/Hsy) has not brought the
expected results. However, a freshly polished titanium metal plate, placed on top of
the heater inside the chamber, thus having a temperature of about 750 °C during
deposition (at 525 °C substrate temperature), functions as a getter and enables the

growth of LiFePOy4 thin films.

LVSO

The used parameters for depositing LVSO via PLD are summarized in table 4.2 and
are similar to the parameters reported by Kawamura et al. for room temperature de-

position of LVSO via PLD [179].

Parameter Value
Rotational speed of target >90/s
Distance target - substrate 30 mm
Substrate materials Si (100), Ti-covered LEP, SisN4, MgO (110)
Substrate sizes (5x5x0.5) mm
Base pressure ~ 1072 mbar
Process gas Oxygen
Deposition pressure 0.03 mbar
Flow rate ~ 1.7 sccm/s
Deposition temperature at substrate Room temperature
Laser energy (density at target) 80 mJ (1.4 J/cm?)
Laser frequency 5 Hz
Pulse duration ~ 10 ns
Laser pulses with closed shutter 600
Growth rate ~ 1.21 A/ pulse
(from SEM cross section measurements)

Table 4.2: PLD parameters for LVSO deposition. This table lists the used PLD
parameters for depositing LVSO.

Upon fabricating the all-solid-state thin film battery, the LVSO electrolyte layer is
deposited after the LFP cathode. This leads to a constraint in the usable deposition
temperature since the predeposited LFP-layer would be oxidized at elevated temper-

atures in an oxygen containing atmosphere, as it is used for the deposition of LVSO.
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Hence, although the deposition of LVSO at elevated temperatures or alternatively a
subsequent heat-treatment of the deposited thin film generally is beneficial in terms
of morphology and ionic conductivity [174, 175, 179, 180], the LVSO thin film used
as electrolyte in the all-solid-state thin film battery is deposited at room temperature,

forming an amorphous lithium ion conductor.

LiAl

Table 4.3 summarizes the used parameters for the deposition of LiAl thin films via

PLD.

Parameter Value
Rotational speed of target > 90/s
Distance target - substrate 30 mm
Substrate materials Si (100), Nb:STO (100), Ti, SizNy
Substrate sizes (5x5x0.5) mm
Base pressure ~ 1072 mbar
Process gas Argon
Deposition pressure 0.1 mbar
Flow rate ~ 0.6 sccm/s
Deposition temperature at substrate Room temperature
Laser energy (density at target) 80 mJ (1.4 J/cm?)
Laser frequency 5 Hz
Pulse duration ~ 10 ns
Laser pulses with closed shutter 600
Growth rate ~ 0.35 A/ pulse
(from SEM cross section measurements)

Table 4.3: PLD parameters for LiAl deposition. This table lists the used PLD
parameters for depositing LiAl.

The parameters have not been intensively optimized, since the paramount requirement
for the anode material in the fabricated thin film battery is to provide a sufficient
reservoir for the uptake and release of lithium, rather than being phase pure, specifically
crystalline, providing a certain morphology or showing the maximum possible electronic
and ionic conductivity. Furthermore, the exact ratio of lithium to aluminum in the
deposited film does not play a decisive role, since in principle also a pure aluminum

and pure lithium anode would fulfill the requirement to take up all the lithium from
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the LFP cathode, respectively.? However, a ratio between 0.1:1 and 0.9:1 (Li:Al) would
be optimal to sufficiently cycle the anode within the («a + ) two-phase region of the
Li-Al phase diagram, which ranges at room temperature from close to 0 up to 50 at.%
lithium [181, 182]. In this (a + /) region the Li-Al alloy is typically cycled, exhibiting
a voltage plateau of about 350 mV vs. lithium metal [183]. Additionally, the LiAl thin
film is made sufficiently thick to reliably work as a reservoir for the uptake and release
of lithium in the all-solid-state thin film micro battery (see sections 4.2.4 and 4.3).
Nevertheless, great attention has been paid such that target, deposited LiAl thin films
and assembled thin film batteries do not get in touch with air and the contact time
is minimized, respectively, to prevent possible reactions with oxygen, nitrogen and air

humidity, being by far more important than precisely tuned deposition parameters.

4.2 Powder and Thin Film Characterization

4.2.1 Structural characterization by XRD and Raman

X-ray diffraction and Raman spectroscopy have been used to characterize the LiFePOy,
powder and thin films as well as the LVSO target. Most of the standard powder
XRD measurements have been carried out at room temperature on a Philips PW 3710
diffractometer with a Cu-Ka radiation source, while the diffractograms of the thin films
have been taken with a Philips MRD instrument, using a Co-Ka radiation source, un-
der grazing incidence (GIXRD) of © = 2° with steps of 0.02° and a detection time of
18 s/step.

The Raman measurements have been performed at room temperature in a quasi-
backscattering geometry on a Jobin Yvon Typ V 010 single grating spectrometer,
equipped with a double razor edge filter and a CCD camera, offering a resolution of
1 em™! with the used grating of 1800 lines/mm. The spectra have been taken using
the 632.817 nm line of a He/Ne gas laser, having a power < 1 mW, focused through a

50x microscope objective onto the samples surface to a 5 pm spot.

2Howbeit, pure aluminum shows a poor reversibility upon lithium uptake and pure lithium is very
sensitive to oxygen, air humidity and especially nitrogen, making it more difficult to handle.
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LiFePO,

Typical X-ray diffractograms of LFP powder used for preparation of the PLD targets
and of 300 nm thick LFP thin films deposited on different substrates under the same

deposition conditions (compare subsection 4.1.2) are shown in figure 4.1.
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Figure 4.1: X-ray diffractograms of LFP powder and thin films. Room tem-
perature X-ray diffractogram of LiFePO, powder and LFP thin films deposited with
PLD on titanium, silicon (100) and Nb:STO (100) substrates. The peaks are indexed
based on the orthorhombic crystal system with space group Pnma(62).

All diffraction peaks from the powder measurements can be assigned to the LFP-related
orthorhombic crystal system with space group Pnma(62), proving a high phase purity.
Furthermore, also all the diffraction peaks of the dense 300 nm thick films, deposited
via PLD, can be assigned to the relevant crystal system without phase impurities
like LiFeP507, Fey(P2O7)3, LigFea(POy)s, FeaOs or other impurities that have been
reported in literature for deposited LFP thin films [176, 178, 184]. As expected, by
comparing X-ray diffractograms of LFP thin films from literature [44, 47, 157, 176], the
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texture of the PLD-grown crystalline LFP thin films depends on the substrate material
with different pronounced orientations, but in all cases without any XRD-detectable
impurities. While the LFP thin films on Si (100) and non-oriented Titanium substrates
exhibit a nice crystallinity and high phase purity, the films on Nb:STO do not show
such pronounced peaks, indicating a not well crystallized material. Additionally to the
XRD measurements, Raman spectra have been taken from the LFP target material,

shown in figure 4.2.
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Figure 4.2: Raman spectrum of LFP. Unpolarized Raman spectrum of the LFP
target material. The main peaks are indexed according to [185].

The modes in the unpolarized Raman spectrum of the target material are indexed
according to [185], demonstrating that all pronounced peaks correspond to resonances
of LFP. Especially, no peak around 670 cm™! is found, indicating iron oxide species,

easily developing upon heat treatment of the powder during synthesis.

LVSO

Figure 4.3 shows the X-ray diffractogram of a finalized pressed and sintered LVSO
pellet as described in section 4.1.1. The main diffraction peaks are indexed according

to reference [174], where a Liz4VSig4O4 powder was analyzed, documenting the
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successful solid-state reaction of Li,CO3, SiOs and V5,05 forming a LisO-SiO5-V5O5
solid solution as described in subsection 4.1.1. The LVSO thin film deposition is carried

out at room temperature, resulting in X-ray amorphous films.
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Figure 4.3: XRD of the LVSO target. Room temperature X-ray diffractogram of
the Liz 5V 5510504 PLD target. The main peaks are indexed based on reference [174].

Additionally, the exact chemical composition of the LVSO target material and the
thin films has been analyzed using Inductively Coupled Plasma - Optical Emission
Spectrometry (ICP-OES) and the results are shown together with the ICP-OES results

for the LFP target and thin films in the next subsection.

4.2.2 Compositional characterization by ICP-OES and SIMS

The exact cation ratios in LFP and LVSO powders and thin films are analyzed by
ICP-OES using a Spectro Ciros CCD system from Spectro Analytical Instruments.
Furthermore, the oxygen content of the powders is determined by the carrier gas hot
extraction method. Due to the fact that the amount of material in the thin films is
not sufficiently enough to be used to determine the oxygen content with this method,
it is calculated from the ICP-OES-results. The obtained values are summarized in
table 4.4, whereat experimental errors are approximately 1-2 %. Additionally, SIMS

measurements are performed on LFP thin films to profile the elemental distribution
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along the thickness of the films.

Intended composition Measured Composition

Powder Thin Film
LiiooFe100P1.0004.00 | Lio.osFe1.00P0.0603.82  Lig.gaFer 00Po.9s03.92
Li3 50 V0.50510.50O4.00 Lip 23V0.44510.5003.16  Liz.31V0.50510.5003.63

Table 4.4: Chemical composition of LFP and LVSO powder and thin films.
This table lists the chemical composition of LFP and LVSO powder and thin films as
determined by ICP-OES and carrier gas hot extraction, assuming Fe to be stoichio-
metric in LFP and Si to be stoichiometric in LVSO samples.

LiFePO,

The results obtained by ICP-OES show a 8 % lithium deficiency for the LiFePO, thin
films, which could not be further decreased using the given PLD system. Nevertheless,
this lithium deficiency is still within the solubility limit of FP in LFP, which is up to
10 % at room temperature [13, 86, 89, 90, 91], so that the elemental analysis is not
contradicting the growth of phase pure Li;_,FePO,. Furthermore, the depth profiles
of as-prepared LFP thin films, recorded by SIMS and shown in figure 4.4, confirm a

homogeneous distribution of Li, Fe and P within the electrode.
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Figure 4.4: SIMS measurement of LFP thin film. The SIMS measurement shows
a homogeneous distribution of Li, Fe and PO over the whole thickness of the LFP thin
film, deposited on STO.
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LVSO

For LVSO the lithium content is found to be sufficiently lower in the target material
than what has been intended upon synthesis. This lack in lithium is expected and in
line with what is reported in literature, where a nominal composition of Liz 4 V6519404
results in target compositions of Lij 53V.35510.402.44 [179] and Lis ¢V 4751053032 [114],
respectively, using the same synthesis procedure as reported by Ohtsuka and Yamaki,
which has also been used in this thesis [174, 175]. Compared to these results, the lithium
content of the target is even slightly higher than what would have been expected from
a literature study, which is supposed to be due to the slightly lower sintering temper-
atures, reducing the evaporation of lithium. The relative increase of Vanadium con-
centration from V/Si=4.4/5.0 to V/Si=5.9/5.0 in the deposited thin films, compared
to the target material is again in line with what has been reported for PLD-grown
LVSO thin films [114, 179]. Finally, the synthesized LVSO targets and deposited X-
ray amorphous LVSO films show nearly identical X-ray diffraction patterns (target)
and chemical compositions (target, thin film), compared to what has been reported in

literature [114, 170, 174].

4.2.3 Morphological characterization by SEM

The morphology of LFP and LVSO thin films deposited on different substrates is
studied via SEM using a Merlin and a Crossbheam scanning electron microscope with

built-in FIB (Crossbeam) from Zeiss [186, 187].

LiFePO,

The LFP thin films deposited via PLD possess a dense morphology without any voids
or pores, but exhibiting cracks, most likely developing upon cooling down the sam-
ple after deposition (compare figure 4.5 a)). This holds for all kind of substrates (Si
(100), titanium, Nb:STO (100) and Si3N, membranes), even though leading to slightly
differently textured thin film morphologies. In addition, the formation of droplets on
the thin films, which is related to the ejection of liquid material from the target (com-
pare section 2.1), has been largely avoided by the chosen PLD parameters. The cross

sectional view in figure 4.5 b) demonstrates that the deposited LFP thin films are
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well adherent to the substrate, exhibiting an almost uniform thickness, while the sur-
face modulation originates from the existing individual grains, which are also sintered

together during the deposition process.

Substrate

Figure 4.5: SEM images of LFP and LVSO thin films. The SEM micrographs
of fabricated thin films show a typical a) LFP surface b) LFP cross section ¢) LVSO
cross section.

LVSO

The LVSO films, deposited at room temperature without any further annealing steps,
exhibit a rough surface, but show a nice areal contact to the substrate, without any
observable voids, pores or cracks (compare figure 4.5 ¢)). Although a higher substrate
temperature during deposition generally leads to smoother thin films, as has also been
found by Zhao et al., studying the dependence of film morphology and substrate tem-
perature for LVSO thin films deposited via PLD in more detail [180], the substrate
temperature is the only parameter which should not be changed, since the LVSO elec-
trolyte layer is deposited after the LFP cathode during fabrication of the all-solid-state
thin film battery, and the latter one easily oxidizes at elevated temperatures in an
oxygen containing atmosphere, as already mentioned in subsection 4.1.2. Therefore,
although deposition of LVSO at elevated temperatures or alternatively a subsequent
heat-treatment of the deposited thin films generally is beneficial in terms of morphology
and even ionic conductivity [174, 175, 179, 180] (see also next subsection), the LVSO
films are deposited at room temperature to keep the main part of interest of the thin

film battery, the LFP cathode material, as pure and unaltered as possible.
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4.2.4 Electrochemical characterization
LiFePO,

Charge-discharge, as well as cyclic voltammetry measurements have been performed
on the deposited LEFP thin films to characterize their electrochemical behaviour, using
a battery charger BT Pulse from Arbin Instruments. (Discharge) capacities of about
100 mAh/g have been achieved for 300 nm thick films at a rate of 0.1 C, cycled ina 1 M
LiPFg in EC/DMC electrolyte versus lithium metal.® This already indicates that the
time needed to study a complete cycle of (de)lithiation of the electrode material by in
situ XAS will be on the order of days, rather than hours. Figure 4.6 shows several cyclic
voltammograms, obtained at different scan rates v, recorded within the same battery
arrangement as stated above. They are shown together with a plot of the measured
peak currents [, versus v'/2 to determine the chemical diffusion coefficient of the Li*
ions in the LiFePO, thin film, using the Randles-Sevcik equation 3.1, introduced in
subsection 3.2.3. For this, a background current baseline, originating from the ionic
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Figure 4.6: Cyclic voltammogram of a LiFePO, thin film. a) Cyclic voltam-
mograms of a LiFePO, thin film at different scan rates. b) Plot of the cathodic (black)
and anodic (red) peak currents vs. the square root of the scan rate V12,

double layer at the surface of the electrodes, functioning as a capacitor, is extrapolated

3Given the dense morphology of LFP thin films observed with SEM, a density of the film of
3.5 g/cm?, corresponding to the bulk value of LiFePQy,, is assumed to calculate the gravimetric
capacity from the film thickness, area and current flow.
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to the peak potentials to measure the peak currents. With a tabulated value of 0.4463
for the transcendental function x at the peaks of the voltammogram [164], the Randles-

Sevcik equation simplifies for T=298 K to

p=269-10° [s] n¥2Ac (vDy,) v (4.1)
(compare equation 3.2). Since the number of electrons involved in the redox reaction
is n=1, the area of the electrode A=0.5 cm? and the lithium concentration in LiFePO,
¢=0.0222 mol/cm3, for the chemical diffusion coefficient of the Li* ions in the LFP thin
film follows from the slopes in figure 4.6 b) D7;=1.01-10~'> cm? /s for the cathodic and
D;;=1.21-10"1% ¢m? /s for the anodic diffusion coefficient, respectively. Both values are
well within the range of reported lithium diffusion coefficients in LFP thin films deter-
mined by CV, ranging from 107'% ¢cm?/s to 1071 cm?/s [47, 188] (remember the sec-
ond footnote in subsection 3.2.3). Furthermore, electrochemical measurements do not
give any evidence for significant concentrations of phase impurities like LizFey(POy)s,
LiFeP,07 or Fey(P2O7)3, whose Fe3t /Fe?t redox couples lie at 2.8, 2.9 and 3.1 eV vs.

lithium metal, respectively [42].

LVSO

To measure the in-plane conductivity of LVSO, deposited on 10x10 mm? MgO (110)
substrates, two 1 pm thick and 10 mm wide platinum electrodes have been deposited
by means of DC magnetron sputtering on top of the LVSO thin film with a distance of
1 mm between them. Both AC and DC measurements have been conducted at room
temperature under argon atmosphere. Using a Novocontrol Alpha-A High Performance
Frequency Analyzer, the AC measurements have been carried out between 0.1 Hz and
2 MHz with a 100 mV amplitude, while DC measurements have been performed with
a Keithley 220 SourceMeter and a Keithley 6514 system electrometer, operated in
parallel to the current source, at a constant current of 3-107° A until steady state
voltages are achieved. The DC measurements result in an electronic conductivity of
1.8:107° S/cm and together with the AC measurements in an ionic conductivity of
7.2-107° S/cm. While the latter one is even in the upper range of reported ionic

conductivities in LVSO thin films (107 - 107° S/cm), an ion transference number of
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only about 80 % is far below all reported values [174, 175, 179, 180]. Even though
Zhao et al. found a decreased ion transference number for LVSO thin films deposited
at room temperature, their measured values are still above 99 % [180]. Furthermore,
although cross-contamination during deposition of the LVSO thin film and a possible
doping of the electrolyte material, respectively, can not totally be excluded, it is, due to
the low deposition temperature, very unlikely. Hence, the reason for this unusual high
electronic conductivity is essentially unclear. Nevertheless, for the purpose of this work
the electrolytes’ properties are sufficient enough, accepting high non-Faradayic currents
through the electrolyte. In summary: while the properties of the LVSO thin film in
terms of electronic conductivity and also morphology could have been improved using
higher surface deposition temperatures [180], prevention of loosing the high purity of

the LFP cathode phase is rated to be more important than having a better electrolyte.

Electrode Capacities

An upper limit for the capacity C'prp of the LFP thin film electrode, as being part of the
all-solid-state  thin film battery, can be calculated from its volume
Virp = 4200-1200-0.3 pm?® = 1.5-10° pm?, density prrp ~ 3.5 g/cm?® and theoretical
gravimetric capacity Cipeorp = 170 mAh/g via Crrp = Vipp - prrp - Ciheo Lrp giving
Crrp = 0.89 pAh. For the LiAl thin film anode, theoretical values of the capacity are
due to inevitable short contact times of the deposited thin film with air (after PLD
deposition, before mounting in the STXM) and hence possible unwanted side reactions
and a possible reduction of practical capacity, respectively, not that meaningful. In-
stead, initial charge and discharge capacities, as well as the capacities after 10 cycles,
are determined for deposited LiAl thin films after an air contact of 5 minutes, and mea-
sured to be Cpracriar > 0.6 mAh/ mm?®. With the volume of the thin film anode within
the all-solid-state thin film battery of V4, =~ 4200-2200-0.5 pm?® = 4.6-10° pm3, the
capacity of the LiAl anode for both uptake and release of lithium is Cr;4 > 2.76 pAh.
Therefore, the practical capacity of the LiAl anode is at least 3 times the overall the-
oretical capacity of the LFP cathode, so that it can reliably fulfill its desired function

as a reservoir for lithium uptake and release upon cycling.



82 Chapter 4. In situ Observation of Lithiating a Li,FePO, Thin Film

4.3 Assembling of the All-solid-state Thin Film Bat-
tery

The micro battery is built on top of a 0.5 x 0.5 mm? wide and 200 nm thick X-ray
transparent commercial Si3N; membrane from Silson, which is used as the substrate.
Compared to other thin film solid-state batteries presented in literature [170, 171, 172],
the concept does not have anode, electrolyte, and cathode simply stacked on top of the
substrate. Instead, it employs a geometry which is rotated by 90° compared to typical
solid-state batteries, so that the Li transport pathway is along the substrate as it can
be seen in figure 4.7. This design makes it possible to use STXM to image the charge
state within the LFP cathode material, using the shift of the main absorption feature

of the Fe L-edge upon (de)lithiation.
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Figure 4.7: All-solid-state thin film battery. A) A sketch of the side view of the
designed all-solid-state thin film battery cell. B) Photos of the sample mounted on top
of the conductor board.

A detailed description of all processing steps, needed for the fabrication of the thin-film
battery on top of a Si3zN, membrane (see step (1) in figure 4.8), including the deposi-



Chapter 4. In situ Observation of Lithiating a Li,FePO, Thin Film 83

tion of the Ti/Pt current collector (step 2), the LEP cathode (3), the amorphous LVSO
solid electrolyte (4), the LiAl anode (5) and mounting the sample on a conductor board

connecting it to the electrical contacts (6) is given below and visualized in figure 4.8.
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Figure 4.8: Fabrication steps of the all-solid-state thin film battery. The
thin film battery is built on top of a SigN4 membrane (1) by deposition of the Ti/Pt
current collector (2), the LEP cathode (3), the amorphous LVSO solid electrolyte (4)
and the LiAl anode (5). Subsequently, the sample is mounted on a conductor board
and connected to the electrical contacts (6).

In a first step, dense films of 50 nm Ti and 200 nm Pt have been deposited by DC mag-
netron sputtering onto the future cathode side of the Si3sN, substrate as an inert metal
contact layer using a modified EMITECH K575X inside an argon glove box employing
a sputter current of 100 mA and an argon process pressure inside the sputter head
of 7-1073 mbar. The titanium works as a binding layer for the platinum, whereat the
platinum prevents the titanium from being oxidized during the deposition of LiFePOy.
The metal layer ensures a good electrical contact to the electrode material, while it is
inert against lithium insertion. Furthermore, it is used as current collector to measure

the total electron yield signal (TEY), providing surface sensitive information (compare
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section 2.3). Using PLD and different 100 pm thick shadow masks out of molybde-
num, a 300 nm thick LiFePO, cathode, 1000 nm of LVSO electrolyte and a 530 nm
thick LiAl anode film have been deposited sequentially within the same PLD system,
shown in figure 2.2 in section 2.1, using the PLD parameters given in subsection 4.1.2.
A small gap between substrate and shadow masks of about 100 pm is kept to avoid
direct contact, side reactions and damaging of the sensitive membrane and deposited
films, respectively. After deposition of the LFP layer at 525 °C and cooling the sample
down to room temperature, only the shadow mask and target are exchanged against
the respective target and shadow mask for depositing the LVSO electrolyte. The amor-
phous electrolyte is then deposited at room temperature inside an oxygen atmosphere.
Afterwards, target and shadow mask are replaced against the ones used for deposition
of LiAl. Due to the layout of the PLD chamber, particularly it does not have any
adapter for a sample transfer under an inert atmosphere, a short contact of the LiAl
target and deposited LiAl anode with air can not be prevented, but only minimized by
using an argon counterflow in the chamber when open, and a transfer box which is im-
mediately evacuated and flooded with argon upon sample transfer to prevent reaction
with oxygen and air humidity. Finally, the sample is mounted inside an argon glove
box on a substrate holder equipped with SMP-PCB adapters, which are connected to
the Ti/Pt contact layer and to the LiAl anode via Pt-wires and conductive silver, to
electrically contact the sample and charge/discharge the battery while analyzing the
cathode material inside the STXM.

Generally, great attention has been paid to the positioning of the shadow masks before
film deposition, since this determines the exact layout of the thin film battery. For
this purpose a specially designed quartz glass holder is used in which both substrate
and shadow masks can be positioned reproducible accurate in both the sputter and the
PLD system. Nevertheless, a precision of more than 100 pm in lateral direction for each
of the deposited layers is hard to achieve, due to the error margins in manufacturing
the quartz glass holder and the shadow masks. This is also the major drawback in the
fabrication of this model thin film battery, intended to study the phase evolution of

(L)FP in situ upon electrochemical (de)lithiation.*

4Using lithography with accuracies below 1 pm for manufacturing an improved all-solid-state thin
film battery has also been extensively studied (see subsection 4.4.6).



Chapter 4. In situ Observation of Lithiating a Li,FePO, Thin Film 85

4.4 Results

All measurements presented here are taken at the MPI-IS endstation "MAXYMUS”
at BESSY. Fe L, 3 edge spectra are recorded to track the change in the iron oxidation
state and local lithium concentration within the thin LFP cathode material, respec-
tively. Using a combination of surface sensitive total electron yield and bulk sensitive
absorption measurements at different energies, specific for iron and vanadium, respec-
tively, the exact positions of the different phases is determined. An area close to the Pt
current collector is chosen for the in situ STXM measurements, where the LFP cathode
material is already covered by the LVSO electrolyte. In this region, both full absorption
spectra at energies of 705-715 eV and area scans before the edge jump (705 eV) and at
the centroids of the respective Fe*™ (709.5 eV) and Fe*™ (711 eV) Gaussian XANES
contributions are recorded before and during lithiation to specify the initial conditions
of the sample and to visualize the insertion of lithium and the corresponding phase

transformation, respectively.

4.4.1 Survey of the battery layout

Due to the manufacturing process of the all-solid-state thin film battery, the exact
positions of the current collector, cathode and electrolyte can not be precisely controlled
and are only defined within lateral dimensions on the order of 100 pm. Nevertheless, the
exact layout is important to know, to decide on the area where the phase transformation
upon (de)lithiation should be followed using in situ STXM. Performing energy-line
scans across the boundary areas at energies of 705-715 eV (indicative for Fe, i.e. LFP)
and 513-523 eV (indicative for V, i.e. LVSO), a combination of surface sensitive total
electron yield (TEY) and bulk sensitive absorption measurements (compare section
2.3) is used to determine the exact course of the current collector - cathode material -
electrolyte boundaries. The Ti/Pt metal layer is used as current collector to measure
the TEY, while all STXM measurements are performed at a pressure of < 1-10~7 mbar.
Figure 4.9 provides a clear picture of the configuration of the all-solid-state thin film
battery. In transmission mode (see left images in figure 4.9 ¢) and d)) the location of

the Pt current collector can easily be determined, given by the <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>