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Abstract
Lithium ion batteries (LIBs) are widely used for portable electronics. However, their
application is limited because of energy density, safety issues, and the high cost. This
necessitates a search for alternative battery technologies. Many alternative battery systems are
currently investigated based on different chemistries, which include sodium, magnesium,
chloride, aluminum, and potassium based batteries. Rechargeable batteries based on a fluoride
anion shuttle are a promising alternative to Li-ion batteries with theoretical energy densities of
more than 5000 WhL-1. However, detailed chemical and structural investigations are necessary
to understand the structural changes and the degradation mechanisms to improve the
performance of fluoride ion batteries. In the present thesis, TEM has been used to study
all-solid-state fluoride ion batteries in situ and ex situ.
For in situ TEM studies, two all-solid-state fluoride ion battery systems were used;
a half-cell consisting of a Bi composite as electrode and La0.9Ba0.1F2.9 as a solid electrolyte; and
a full cell consisting of a Cu composite as cathode, a MgF2 composite as anode, and La0.9Ba0.1F2.9
as a solid electrolyte. Optimization of sample preparation was an essential step to enable
reliable in situ TEM studies during electrochemical biasing. Challenges during sample
preparation, such as re-deposition/metal contamination, contact resistance, porosity of the
battery materials and leakage current were resolved using an optimized FIB based approach.
The successful preparation has been demonstrated for two fluoride ion battery systems. The in
situ TEM studies of the half-cell revealed the fluorination of Bi and Bi2O3 forming BiF3 and
BiO0.1F2.8, and the simultaneous reduction of La0.9Ba0.1F2.9 to La and Ba during charging. During
discharging, most of the BiF3 was reduced to Bi metal. Comparing the structural changes with
the electrochemical charging curve, the main phase formed was the irreversible phase BiO0.1F2.8,
leading to the poor reversibility of the half-cell. On the other hand, the TEM studies of the
cathode-electrolyte interface of the full cell revealed fluoride migration into the composite
cathode during charging resulting in the formation of CuF2, which was absent in the as-prepared
state. Due to the high volumetric changes associated with the CuF2 formation, the cell fractured
at the cathode-electrolyte interface during the second charging. However, a detailed
electrochemical study during discharging was problematic, as a short circuit between cathode
and anode dominated the current.
In addition, a fluoride ion battery system consisting of a CuF2 composite as cathode,
La0.9Ba0.1F2.9 as a solid electrolyte, and a La sheet as anode was studied ex situ in the as-prepared,
discharged, and recharged states. The interfacial studies were performed by lifting-out two
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lamellae from each pellet at the electrodes-electrolyte interfaces using FIB. The TEM studies of
the cathode confirmed the defluorination/fluorination during cycling of CuF2/Cu. However, the
TEM studies revealed a high oxygen content in the cathode composite explaining the difference
between the theoretical capacity of Cu/CuF2 (528 mAh g-1) and the observed capacity during
the first discharge (360 mAh g-1). On the anode side, the presence of La2O3 on the surface led
to a side reaction by LaOF formation during recharging, which acts as a significant fluoride trap.
Therefore, the capacity faded upon cycling to only 165 mAh g-1 in the second discharge.
Moreover, The STEM-EDX maps revealed Cu diffusion from the cathode into the electrolyte due
to the high volumetric change in the cathode, partially explain the capacity fading.
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1 Introduction
1.1 Introduction
During the last decades, researchers exerted great efforts to develop efficient approaches
to produce electricity from renewable sources and to develop energy storage systems to back
up this energy. Many types of energy storage systems such as chemical energy storage [1],
electrical energy storage [2], thermal energy storage [3], mechanical energy storage [4] and
electrochemical energy storage [5] are in use. Rechargeable batteries, i.e. electrochemical
power sources that directly and efficiently convert chemical energy into electrical energy, are
currently the most common energy storage solutions.
In addition to the well-established applications in consumer electronics, reliable
reversible energy storage systems are investigated for a wide variety of applications such as
hybrid vehicles (HVs) and electric vehicles (EVs) [6], uninterruptible power supply (UPS)
systems [7], grid stabilization [8], notebook computers [9], portable electronics [10], and
spacecraft [11]. In general, high gravimetric or volumetric energy density, high cycling
efficiency, fast charging, environmental safety, and materials and production costs are
important issues for batteries [12, 13]. Depending on the specific application for a battery,
different performance aspects have to be optimized, e.g. energy density for mobile applications
and in addition power density for transportation, elevated operating temperature for smart
cards and during sterilization of surgical instruments, and micron-sized battery for smart cards
and medical electronics. In addition, many performance aspects are universal for all
applications such as safety, cycle life, self-discharge rate, and cost.
A battery consists of anode, cathode and electrolyte, where the two electrodes are
separated by an electrolyte as shown schematically in Figure 1.1 with LiCoO2 as an example for
a positive electrode (cathode) and graphite as a negative electrode (anode). During charging,
(lithium) ions migrate to the negative electrode through the electrolyte, while electrons are
provided through the external circuit to the cathode. The potential of the cathode will rise as a
result of the corresponding redox reaction (intercalation or redox conversion), while the anode
potential will decrease in the corresponding reaction. In sum, the cell voltage increases during
charging. This process is reversible during discharging through an electrical connection between
cathode and anode. This mechanism allows to store DC electrical energy during the charging
process and to deliver (a large fraction of) it during the discharging process. To generate the
necessary voltage and capacity, several electrochemical cells can be connected in series and/or
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parallel. The redox equations that describe the charging process for a LiCoO2/graphite battery
are as follows (Equations 1.1 & 1.2):

6C
LiCoO

x Li

xe

→ Li

→ Li C
CoO

x Li

xe

(Negative electrode reaction)

1.1

(Positive electrode reaction)

1.2

The electrode materials of batteries should be stable, reversible, cheap, have high
electronic and ionic conductivity, and be environmentally friendly. Moreover, they must be
insoluble in the electrolyte and chemically inert with respect to the electrolyte [14]. On the
other hand, the electrolyte, which acts as a medium to transfer ions between anode and cathode
during cycling, should have high ionic conductivity for fast cycling and low electrical
conductivity to prevent unwanted electrical short circuits inside the battery [15]. Furthermore,
the electrolyte should not participate in the redox reactions and needs to be chemically stable
in contact with the electrodes during cycling and over long storage times.

Figure 1.1: Schematic diagram of a rechargeable lithium ion battery [16].

1.2 Lithium ion batteries
The first attempt to develop rechargeable lithium ion batteries (LIBs) started in the
1970’s [17]. They were first commercialized by Sony in the early 1990s [18] using layered
LiCoO2 as positive electrode (cathode) and carbon as the negative electrode (anode). They have
a high energy density arising from a high working potential and good capacity [19]. This makes
them attractive energy storage systems, satisfying the basic needs for mobile applications and
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consumer electronics. Since then researchers exerted great efforts to develop different types of
lithium-based batteries and different designs to improve their performance. Many different
kinds of Li-ion batteries are available based on various cathode, anode, and electrolyte materials
[20–22]. At present, lithium ion batteries are the most advanced batteries on the market for
portable electronic devices. The improvement in both gravimetric and volumetric densities of
the different types of commercial battery systems are shown in Figure 1.2.

Figure 1.2: Comparison of the energy density (Wh kg-1) and energy density (WhL-1) for Ni-MH, Ni-Cd,
and Lead-acid commercial batteries [23].

Besides the aforementioned properties of electrode materials, the ideal anode material
for LIBs should have a large amount of moveable Li per formula unit and its potential must be
close to that of metallic Li [14]. Graphite as an anode material satisfies most of these
requirements [14, 24] and, therefore, is the preferred choice for current commercial Li-ion
batteries [21]. However, the number of Li ions, which can be intercalated in carbon, is small
(the stoichiometry is LiC6) resulting in a reversible capacity of 372 mAh g-1 [24]. Moreover, the
lithium diffusion rate into graphite is between 10-9 and 10-7 cm2 s-1 resulting in a low power
density [25].
Metallic lithium would provide a very high theoretical capacity (3860 mAh g-1) [26].
However, lithium dendrite formation on the anode surface during charging has prevented the
reliable use of lithium metal as an anode. Lithium dendrite formation is also a problem on other
anode materials. Many factors influence the dendrite formation, such as high charging rates
[27] or the degree of random orientation of the particles in the anode material that leads to an
inhomogeneous charge distribution and hence non-uniform current distribution [28]. These
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factors affect the diffusion rate of lithium ions into the anode so that Li plating takes place
instead of intercalation in the electrode lattice [29]. The dendrites grow into the electrolyte
with the repeated cycling and can penetrate the separator forming a short circuit in the LIB
[30], so that the complete chemical energy stored in the battery will be converted to heat
resulting in smoke, fire, or explosion [14]. Therefore, new anode materials such as carbon
nanotubes (1100 mAh g-1) [31], graphene (960 mAh g-1) [32], SiO (1600 mAh g-1) [33], silicon
(4200 mAh g-1) [34], germanium (1600 mAh g-1) [35], and tin (994 mAh g-1) [36] are under
development.
Efforts to develop better anode materials and improve the electrochemistry of LIBs will
further enhance the battery performance. However, more critical are cathode materials, which
currently have lower specific capacity [23] and higher cost [37]. Cathode materials have been
intensely investigated over the years to improve battery performance and increasingly also
environmental issues. As a result, there are a number of promising cathode materials such as
Li(Ni0.8Co0.15Al0.05)O2 [38] and Li(Ni1/3Co1/3Mn1/3)O2 [39] with reduced Co-content compared
to LiCoO2 [40], as well as LiMn2O4 [41], LiFePO4 [42], LiVPO4F [43] and Li3V2P3O12 [44].

1.3 Beyond lithium
Application of LIBs is limited because of their energy density, the required
environmental conditions, safety risks, their aging (even if not in use), needs for circuit
protection, and the high cost. High power density, longer lifetime, a wide operation temperature
and high operating voltage would be allowing battery pack designs with only one cell for most
the portable electronics. The automobile industry has been focusing on EVs as an alternative to
the traditional vehicles based on gasoline engines. EVs require longer battery lifetimes and
higher power and energy densities than offered by the present lithium ion batteries [45]. For
example, the EV needs a battery pack that can deliver a total energy content in the order of
100 kWh to match the internal combustion engine [46].
Huge efforts have been exerted over the last two decades to find alternative batteries
such as chloride ion batteries [47], fluoride ion batteries [48], magnesium ion batteries [49],
and sodium ion batteries [50] to reach the required energy density. Theoretically, Mg-ion
batteries has a high volumetric capacity of 3833 mAh cm-3 (compared to 2046 mAh cm-3 for Li
metal) [49]. Also, chloride ion batteries can provide a high theoretical energy density of
2500 WhL-1 [51], close to the theoretical volumetric energy density of Li/S battery,
2199 WhL-1 [52]. The theoretical energy density of the fluoride system can be more than
4

5000 WhL-1, 50% above the theoretical capacity of the Li air cell [53]. Optimizing the electrode
materials for these new battery types could lead to very good alternative batteries to satisfy
more of the requirements of the different applications, such as the energy density discussed
above.
Another critical aspect for current lithium ion batteries is the electrolytes, which
typically consist of an organic liquid with an inorganic ion conducting salt. Close to the freezing
point of the electrolyte solution (around -20 ˚C in typical commercial systems) the performance
is strongly reduced because of the limited lithium mobility in the frozen solution [54]. Even
more critical, flammability and volatility of the organic liquid result in a limitation for the
operating temperature and can become a safety limitation [55, 56]. In most commercial lithium
ion batteries, the electrolyte solution starts to deteriorate at temperatures above 60 ˚C [54]. As
a result, irreversible reactions between the dissolved lithium salts and the solvent can take place,
which affects the performance. If the battery temperature is increasing further, typically above
80 ˚C [57], vaporization will lead to a pressure build-up inside the battery, which can eventually
lead to a rupture of container resulting in a fire and in some cases even to an explosion [56].
In some cases, thermal decomposition of LiPF6 at temperatures above 50 ˚C in the presence of
water could result in the formation of highly toxic HF compounds [58].
A wide range of different battery materials and cell setups has been developed or is
currently under investigation to fulfil specific performance requirements. For instance, sodium
is more abundant and less expensive than lithium, so sodium ion batteries (SIBs) could be an
attractive replacement for LIBs [50]. SIBs have some advantages over LIBs such as higher safety,
a higher half-reaction potential for sodium (-2.71 V vs. standard hydrogen electrode (SHE))
compared to lithium (-3.04 V vs. SHE) and, hence, the possibility to utilize water-based
electrolytes of lower decomposition potential [59]. Furthermore, Na ion is less Lewis-acidic
compared to Li ion and, hence, fast transfer of Na ions at the electrode-electrolyte interface
could be achieved in SIBs [50]. However, the energy density of SIBs is typically lower compared
to LIBs [60]. Nevertheless, for large-scale stationary systems a high energy density is less critical
[61], so SIBs might become economically competitive for grid energy storage of renewable
energy sources like solar and wind power [60].
Rechargeable magnesium batteries have been long considered as a highly promising
technology for energy storage [49, 62]. Mg has several advantages that rank it as one of the
most promising metal anodes for batteries with high energy density. Mg is divalent with a
density lower than Li, so carrying two electrons per ion offers a theoretical volumetric capacity
of 3833 mAh cm-3 versus 2046 mAh cm-3 of Li [49]. Mg anodes do no show dendrite formation
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during charging, which is a major safety concern when using metallic lithium as anode [62].
Moreover, it provides a chance for cost reduction because of its high natural abundance in the
earth crust (the 5th most abundant element) [49] and most Mg compounds are nontoxic [62].
Furthermore, Mg has a higher reduction potential of -2.37 V (vs. SHE) than Li (-3.04 V vs. SHE)
and, hence, the possibility to utilize electrolytes of lower decomposition potential. Therefore,
magnesium ion batteries have attracted increased attention. However, the absence of good
electrolytes and cathodes for magnesium ion batteries makes the currently achieved energy
density and rate capability of prototypes not attractive enough for commercializing [49, 63].
In addition to Na- and Mg-ion batteries, chloride ion batteries [47, 51], fluoride ion
batteries [48], potassium ion batteries [64] and aluminium ion batteries [65] have been
introduced as new electrochemical systems. However, currently, the most utilized battery
systems are LIBs as they provide a good overall compromise for mobile applications and
consumer electronics.

1.4 All-solid-state ion batteries
An increasingly investigated class of batteries are all-solid-state ion batteries as they
provide a potential solution to the aforementioned problems. All-solid-state ion batteries
combine a higher energy density, low volatility, higher safety with the absence of the corrosive
solvent leakage or harmful gas production, and a wider operating temperature range in
comparison to commercial ion batteries with liquid organic electrolyte [66, 67]. The schematic
setup is analogous to a liquid battery, but a thin solid-state ionic conductor is used as electrolyte.
However, solid electrolytes have not been used much in bulk batteries until recently because of
the lower ionic conductivity of solid electrolytes at room temperature (RT) compare to the
organic liquid electrolytes [68]. This can partially be overcome by working with a very thin
solid electrolyte layer, but production of larger batteries without short circuits is then
challenging. Therefore, the key material under development for all-solid-state batteries is a solid
electrolyte with high ionic conductivity at RT, low electrical conductivity and good
processability.
Moreover, solid-state electrolytes demonstrate superior stability against lithium dendrite
growth [69] and there is no need for a separator, simplifying the battery design. Furthermore,
high operating voltages and high volumetric density can be achieved by stacking the solid-state
cells in one package, which are favourable for vehicle applications [70]. In addition to
overcoming safety issues, solid electrolytes provide a possibility to use attractive high capacity
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electrode materials, which are difficult to use in conventional liquid electrolyte batteries, such
as lithium metal as negative electrode and sulphur as positive electrode [71].
With the recent advances in solid-state electrolytes, increasing efforts to develop
solid-state electrolytes with high ionic conductivity, approaching the conductivity of liquid
electrolytes are currently pursued. For example, La0.9Ba0.1F2.9 with an ionic conductivity of
2.8×10-4 S cm-1 at 150 ˚C [48], or for lithium transport Li1.3Al0.3Ti1.7(PO4)3 (7×10-4 S cm-1)
[72], Li1.5Al0.5Ge1.5(PO4)3 (4×10-4 S cm-1) [73], La0.51Li0.34TiO2.94 (1.4×10-3 S cm-1) [74],
Li2.9PO3.3N0.46 (3.3×10-6 S cm-1) [75] and Li7La3Zr2O12 (3×10-4 S cm-1) [76]. However, the
conductivities of these solid electrolytes are still low compared to organic liquid electrolytes
used in commercial lithium ion batteries (10-2 S cm-1) [71]. On the other hand, sulphide
glass-ceramic electrolytes have higher ionic conductivity than oxides due to the large ionic
radius of sulphur ions [77], e.g. Li10GeP2S12 and Li7P3S11 have a high ionic conductivity of
1.2×10-2 S cm-1 [78] and 1.1×10-2 S cm-1 [79], respectively. However, sulphides are chemically
unstable. The sulphide glass-ceramic electrolytes can react with ambient moisture to produce
H2S gas [80], and hence, extra attention is required in handling and packaging of sulphide
electrolytes.

1.5 Fluoride ion batteries
As discussed above, alternative ion shuttles provide much higher theoretical capacities
compared to lithium. One example is rechargeable batteries based on a fluoride ion shuttle [48]
currently developed in the group of Prof. Fichtner at Karlsruhe institute of technology (KIT).
They are a promising alternative to Li-ion batteries with energy densities of more than
5000 WhL-1 [53]. Figure 1.3 shows a schematic of a fluoride ion battery, illustrating the cycling
process. This cell consists of a metal (Mʹ) electrode as anode and a metal fluoride (MFx)
electrode as cathode in the charged state. During discharging, fluoride anions (F-) will migrate
from the cathode (MFx) to the anode (Mʹ) through the electrolyte forming a metal fluoride MʹFx
at the anode. At the same time, the electrons provide the work in the external circuit moving
from anode to cathode. The equations of the corresponding cathodic and anodic reactions that
describe the discharging process are as follows (Equations 1.3 & 1.4):
xe

MF

→ M

xF

M

→ MF

xF
xe

(at cathode)

1.3

(at anode)

1.4
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Figure 1.3: Schematic diagram of a rechargeable fluoride ion battery.

The high capacity is due to the large change in free energy during the formation of the
different metal fluorides yielding high theoretical potentials [48, 53]. Moreover, more than one
electron can be transferred per metal atom when the reaction of bivalent or trivalent metals
with several anions takes place [81]. Metal combinations that were initially investigated are
CuF2 composites, BiF3 composites, SnF2 and KBiF4 as cathode materials in the charged state
versus Ce metal as anode and La0.9Ba0.1F2.9 as solid electrolyte to validate the concept mentioned
above [48]. All these full battery systems were cycled at a temperature of 150 ˚C to ensure
sufficient ionic conductivity of the solid electrolyte. The results show that the first discharge of
all cathodes is lower than the theoretical values (42-77% depending on the specific material).
The partial discharging was attributed to isolated agglomerates of active material that were not
connected to either ion or electron transfer. In parallel to the work in this thesis, further tests
were performed on Bi composites or Cu as a cathode, and CeF3, CaF2, MgF2, or Mg/MgF2
composites as an anode [82]. During charging, all cells exhibited capacities higher than the
theoretical values, indicating that side reaction(s) occurred, e.g. the formation of β-BiOxF3-2x in
addition to BiF3 was observed. This phase is assumed to be the result of fluorination of Bi2O3
present in the starting Bi powder. Moreover, BiF5 is formed after charging to 4 V, which
contributed to the high capacity obtained during first charging. After discharging, X-ray
diffraction (XRD) showed the presence of β-BiOxF3-2x in addition to Bi, indicating an irreversible
reaction of the oxyfluoride, which (partially) explained the low capacities during first
discharging. No further cycling was possible for these systems even at 150 ˚C.
To develop a functional fluoride ion battery, a good fluoride ion conducting electrolyte
is critical. The electrolyte currently used is a polycrystalline La0.9Ba0.1F2.9 solid solution. At high
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temperatures, it has a good conductivity, i.e. 2.8×10-4 S cm-1 at 150 ˚C [48], but at RT the
conductivity is rather low with 2×10-6 S cm-1. There is a continuous research effort at Helmholtz
Institute Ulm (HIU) (group of Prof. Fichtner) to develop improved fluoride ion conductors.
Another important development aspect is the electrode composites used and their
morphology. The pure metal fluorides are electrically insulating and exhibit poor fluoride ion
conductivity. Therefore, it is essential to use composites adding components for electrical and
ionic conductivity, intermixed at the nanoscale for intimate contact of all components. In the
published work, carbon and La0.9Ba0.1F2.9 have been added by ball milling [48, 83]. However,
prior to the start of this thesis, no information on the morphology of these composites was
available. Furthermore, for the optimization of solid-state fluoride ion batteries, information on
the role of interface structures, the influence of crystal orientation and defects as well as the
structural/morphological stability are critical.

1.6 Ex situ characterization of battery materials and systems
Ex situ characterization of battery materials before and after cycling is necessary to
understand the fundamental behavior of the materials in the electrochemical reaction,
interphase phenomena, mechanisms by which the ions interact with electrode materials, and
mechanisms of cell degradation based on the micro- and nanostructure. The ability to achieve
that and, hence, create advanced electrical storage systems relies critically on the
characterization tools with high spatial and energy resolution. Scanning electron microscopy
(SEM), (scanning) transmission electron microscopy (S)TEM, XRD, nuclear magnetic resonance
spectroscopy (NMR), X-ray absorption spectroscopy (XAS), Raman spectroscopy, and atomic
force microscopy (AFM) have contributed tremendously to a fundamental understanding of
electrical storage systems.
X-ray scattering techniques as non-destructive analytical techniques can provide
information about the crystal structure [84] and chemical composition [85] of the materials as
well as the three-dimensional (3D) morphology using tomography technique [86]. For example,
the 3D morphological evolution of LiVO2 negative electrode during oxidation was studied by
X-ray tomography to investigate the degradation mechanisms [86]. The 3D microstructure of
the LiVO2 was visualized and quantified using a transmission X-ray microscopy (TXM) before
and after exposure to air. Pre-existing cracks were observed because of the stress induced during
electrode processing. After exposing to air, an oxide layer (Li-rich oxidants) of 120-240 nm
thickness was observed on the surface of LiVO2 particles. Moreover, the distribution of the
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particle size showed an overall shift towards smaller particles, while the volume remained
relatively constant after oxidation. This attributed to the crack growth due to the local
exothermal oxidation reactions resulting in a phase transition with an alteration of lattice
constants.
7Li

NMR spectroscopy is another important characterization tool, which is used to

characterize different electrodes of Li-ion cells. For example, 7Li-MAS-NMR (magic angle
spinning NMR) of an inverse spinel cathode material (LiNi1/3Co1/3Mn1/3VO4) revealed a small
paramagnetic effect and small side bands compared to LiNi1/2Co1/2VO4 [87]. This was attributed
to lattice expansion upon Mn substitution making the lithium nucleus more distant from the
lattice transition metal ions. Furthermore, focussed ion beam scanning electron microscopes
(FIB-SEM) tomography has proven suitable for the reconstruction and characterization of the
porous battery materials. For example, FIB-SEM tomography was used to reconstruct the
carbon-binder domain of a LiCoO2 battery cathode [88] and the results revealed that the
porosity inside the carbon-binder domain is 57%. Moreover, the results showed that the
clustering in the carbon-binder domain decreased its electronic conductivity and increased the
ionic diffusivity.
In addition, the combination of different techniques provides a multi-modal analysis,
which allows to reveal complex and interdependent processes in electrodes and at interfaces.
For instance, neutron diffraction and NMR spectroscopy were used to study the size influence
on the phase morphology and the mobility of Li ions in nanosized lithiated anatase (LixTiO2)
[89]. Neutron diffraction provides information on atomic structure and phase transition, while
NMR spectroscopy provides information on the dynamics and the local environment of the Li
ions. Therefore, detailed structural and mobility information for Li can be extracted from these
combined methods. As a result, it was shown that, e.g. crystalline anatase particles of 40 nm
size are lithiated and changes in phase behavior and morphology were observed. In addition, a
reduction of the conduction-electron density at the Li ions sites was observed by NMR, which
was accompanied by a reduced spontaneous Li ion mobility. As another example, correlative
microscope combining focussed ion beam (FIB) and SEM with Time-of-Flight Secondary Ion
Mass Spectrometry (TOF-SIMS) was used to achieve nanoscale-mapping of mixed oxide Li-ion
battery cathodes (Li-rich nickel-manganese-cobalt oxide) [90]. The maps of Li, Mn and Co
revealed the microstructural consequences of the electrochemical reaction during charging and
discharging. Increased local concentration of Li near grain boundaries and at particle interfaces
was observed, which may has an important effect in the structural degradation by inducing
stress concentration and leading to a reduction in ionic conductivity and capacity fading [90].
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1.6.1 Ex situ TEM of battery materials and systems
While the aforementioned examples illustrate the use of advanced analytical techniques
to understand the performance of batteries, these techniques have a relatively low spatial
resolution. In order to reveal structural features down to the atomic scale, TEM is a very
powerful tool that can provide structural information through high resolution imaging in TEM
or STEM mode [91], selected area electron diffraction (SAED) [92] as well as local
compositional information through energy dispersive X-ray spectroscopy (EDX) [93] and
chemical and electronic structure information through electron energy loss spectroscopy (EELS)
[94].
Traditionally, TEM characterization is performed ex situ at selected states during cycling.
For example, the effect of the upper potential limit on the structure and electrochemical
properties of layered LiNi1/3Mn1/3Co1/3O2 (NMC) as a cathode material for LIBs was studied
using TEM [95]. Cycling up to 4.2 V resulted in stable performance of the electrode, but higher
voltages caused capacity fading. TEM studies of the cathode cycled to 4.2 V revealed only the
rhombohedral NMC phase in the electrode (Figure 1.4a), whereas after 50 cycles to 4.3 V the
rhombohedral and the spinel-like phase coexist in some of the particles (Figure 1.4b). After 50
cycles to 4.6 V also pure spinel-like particles could be detected by TEM (Figure 1.4c, d). This
transformation from rhombohedral to spinel-like structure was attributed to the capacity loss.
The study illustrates the importance of different TEM analyses for materials characterization.

Figure 1.4: SAED patterns of LiNi1/3Mn1/3Co1/3O2 (NMC) electrodes after 50 cycles at (a) 2.5-4.2V,
revealing only rhombohedral NMC phase; (b) 2.5-4.3V, revealing a mixture of both spinel-like and
rhombohedral NMC phases; (c, d) 2.5–4.6 V, revealing some particles of only spinel-like phase and other
particles of a mixture of both spinel-like and rhombohedral NMC phases [95].
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In another example, the first cross-section observation of an all-solid-state Li-ion battery
by TEM was reported in 2008 by Brazier et. al. [96]. In the study, an all-solid-state ion battery
(LiCoO2/solid electrolyte/SnO) was prepared using pulsed laser deposition (PLD) and a FIB
system was used to cut and lift-out a cross-section (Figure 1.5). TEM was used to analyse the
pristine and cycled states of a set of batteries. The results reveal a rapid deterioration at the
SnO-electrode/electrolyte interface during cycling as a result of electromigration between the
stacked layers (Figure 1.6).

Figure 1.5: (a) TEM image of the entire structure of a pristine micron-sized battery showing the following
sequence: (1) FIB deposited platinum, (2) PLD platinum, (3) SnO negative electrode, (4) Li2O-V2O5-SiO2
electrolyte, (5) LiCoO2 positive electrode, (6) PLD chromium and platinum, and (7) glass substrate. (b)
TEM image at higher magnification of the region close to the LiCoO2 [96].

Figure 1.6: (a) TEM image of the cycled micron-sized battery, the arrows indicate the positive (top) and
the negative (bottom) Pt current collectors’ layers; (b, c) Higher magnification images of the LiCoO2
positive electrode region and SnO negative electrode region [96].

While ex situ characterization of battery materials is important to understand
electrochemical reactions, it only allows to characterize specific individual states, whereas
real-time observation of the structural evolution during electrochemical cycling is missing. This
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becomes critical to identify metastable phases and to prevent relaxation effects/reactions during
transfer and analysis, that do not appropriately reflect what happens during cycling [97]. In
particular, removing/inserting the cell materials from/to the characterization tool has a great
effect for air and moisture sensitive materials. Most materials used in Li-ion batteries are air
and moisture sensitive, which may lead to spontaneous redox reactions during the
characterizations [97]. Moreover, the ex situ studies leave many open questions about kinetics,
mechanisms of interactions, and mechanism of cell degradation. Currently, attempts to perform
studies in situ to overcome some of these problems are very popular.

1.7 In situ electrochemical studies
During the past few years, there has been a growing interest to develop various in situ
characterization tools to study structural changes during cycling by optical microscopy (OM)
[30, 98], scanning electron microscopy [99], transmission electron microscopy [100], X-ray
diffraction [101], nuclear magnetic resonance spectroscopy [102], and Raman spectroscopy
[103]. These in situ studies provide direct information about the phase transformation,
morphological changes and material degradation mechanisms during cycling. For example, the
lattice parameters and strain of the layered lithium excess compound Li[Li0.2Ni0.2Mn0.6]O2
during the first electrochemical charge/discharge cycle were studied by in situ X-ray diffraction
[101]. Rietveld refinement revealed dynamically changing lattice parameters during the first
electrochemical cycle. The lattice parameter c increased in the sloping region of the charging
curve associating with a slight decrease in the lattice parameter a, when Ni was oxidized from
Ni2+ to Ni4+ as Li was removed from the layered structure and, hence, the ionic radius
decreased. Then both lattice parameters c and a decreased through the plateau region. After
discharge, the lattice parameters a and c increased to values larger than observed from the
pristine material and the lattice ratio c/a expanded showing irreversible changes. Moreover, the
results revealed large changes in strain, which was attributed to non-uniformly distributed
lithium and oxygen vacancies. During discharging, the strain increased because of the
intercalation of Li ions into the structure filling the lattice vacancies and causing lattice
expansion.
The advantages and limitations of some techniques used to study batteries in situ are
summarized in the next Table 1-1.
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Table 1-1: Advantages and limitations of some microscopy/spectroscopy techniques used in the in situ
study of batteries.
Technique

Advantages

Limitations

 Optical microscopy

 Studying macro structure changes

 Not appropriate to monitor
microstructural changes as the
spatial resolution is low.

 Scanning electron
microscopy

 Good spatial resolution (~1 nm)
 3D and topographical imaging
 Large depth of focus

 Mostly morphology information
 No information about the
oxidation state and electronic
structure.
 Mostly surface information

 X-ray absorption
spectroscopy

 Information about electronic
structure and oxidation state
[104, 105]
 Amorphous samples can be
analysed [105]
 Low X-ray dose (low radiation
damage) [104]

 Inability to distinguish atoms of
similar atomic number [104,
105]
 Signal is average from a large
area/or volume of the battery

 Atomic force
microscopy

 Information about volume
changes
 Studying mechanical properties
[106]
 Good spatial resolution (nm
range)
 Very sensitive to surface changes

 No information about the
oxidation state and electronic
structure
 Only surface structure

 Raman spectroscopy

 Determine Raman active
structural changes
 Not limited by sample state [107]  Thermal degradation because of
 Amorphous samples can be
intense laser radiation [107]
analysed [107]
 Typically, difficult to obtain
 High spatial resolution using tip
quantitative information [107]
enhanced Raman spectroscopy
(TERS) [108]

 Detailed information about
chemical and physical properties
 Nuclear magnetic
 Detailed information about the
resonance spectroscopy
local electronic environment
around nucleus

 The applied magnetic fields can
be shield by the metal parts
present in the battery (casings,
current collectors) [109]
 Cathodes of paramagnetic nature
can produce a signal broadening
and peak shifting [110]
 Signal is average from a large
area of the battery

While the aforementioned in situ techniques are powerful, TEM is the only
characterization tool that can provide directly structural, compositional and morphological
information at the nanometre and atomic scale.
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1.7.1 In situ TEM electrochemical studies
The vacuum in the column of the electron microscope is the main obstacle to image
liquid specimens, as most liquids evaporate and destroy the high vacuum. There are different
strategies to overcome this problem for in situ electrochemical studies in the TEM. One
approach is to introduce an environmental chamber in the electron microscope (E-TEM) [111],
where additional apertures are placed in the pole pieces of the objective lens to enable a poor
vacuum in the sample region, while the main part of a column can maintain high vacuum. Early
in situ TEM experiments have been documented by E. Ruska in 1942 [111] and H. Hashimoto
et al. in 1968 [112] using this approach. More recent alternative approaches are to replace the
volatile liquid by ionic liquid or solid electrolytes and by introducing a closed cell better
resembling a typical ex situ battery setup. These two strategies will be explained in detail in the
next two sections.

1.7.1.1 Closed cell approach
The closed cell approach, in which a liquid is enclosed between thin membranes forming
an encapsulated environment for the TEM measurements, was first proposed by Abrams &
McBain in 1944, [113]. The thin membranes should have high permeability for electrons,
mechanical strength to withstand the pressure differences and be resistant to the medium
[113]. F. M. Ross and co-workers performed early in situ electrochemistry in the TEM, where
the electrodeposition of nanoscale copper clusters was characterized in real-time [114]. In the
closed cell approach, organic (or in general volatile) electrolytes can be used. This enables a
cell more closely resembling the operation conditions in actual batteries. To study the liquids
and volatile substances inside a TEM, two silicon micro-electromechanical systems (MEMS)
consisting of thin electron transparent silicon nitride membranes at the centre are assembled
face-to-face with a thin spacer to seal the liquid (Figure 1.7) [114, 115]. If the liquid layer and
the membrane windows are sufficiently thin, this setup allows imaging with a spatial resolution
of ~0.2 nA at 200 kV [116]. For in situ cycling using external electrical current, current
collectors (typically Pt or Au) are fabricated on the silicon chips. In the past decade, the rapid
development of new TEM sample holders and liquid cell platforms [114, 117, 118] is enabling
a quantitative analysis of electrochemical processes such as nanoparticle growth from solution
[119] or direct observation of beam sensitive materials [120]. For instance, the dynamic growth
of Pt3Fe nanorods in solution was imaged in real-time using TEM (Figure 1.8A & B) [121]. In
this study, small nanoparticles were formed at the beginning due to the reduction of Pt and Fe
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precursors by the electron beam. These nanoparticles interacted, forming nanoparticle chains.
It was observed that the preferred addition of new nanoparticles to the chains is at the end
rather than the formation of a side chain, suggesting the predominance of dipolar forces for the
growth. These chains finally straightened forming smooth single crystal nanorods, presumably
reducing the total system energy by reducing the surface energy and eliminating the crystal
defects. High resolution transmission electron microscopy (HRTEM) images obtained during
growth revealed different orientations of the nanoparticles, indicating that lattice rotation
occurred during formation of a straight single crystal nanorod (Figure 1.8C).

Figure 1.7: Schematic of an in situ TEM holder using a liquid cell for observation of electrochemical
reactions [122].

Figure 1.8: (A) Sequential coloured TEM images showing the growth of Pt3Fe nanowires in a liquid cell
during exposure to the electron beam. Time is displayed as minutes:seconds, (B) HR-STEM images of a
polycrystalline Pt3Fe nanorod, dimers, and nanoparticles obtained in a liquid cell. The dark spots
(highlighted by arrows) indicate the iron rich regions, (C) Sequential HRTEM images showing both
crystal orientation and shape changes during the straightening of a twisted nanoparticle chain [121].
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A similar approach has also been applied in Li-ion battery research in order to visualize
the lithiation-delithiation processes and to study the effect of electron beam on battery materials
[122, 123]. For example, M. E. Holtz and co-workers visualized the Li ion distribution during
charging and discharging of an electrode prepared of LiFePO4 nanoparticles in a liquid cell using
in situ energy filtered transmission electron microscopy (EFTEM) [123]. The phase
transformations and different delithiation mechanisms in neighbouring particles were imaged.
Moreover, core-shell structures and anisotropic growth in different particles were observed
within the same agglomerated nanoparticles. In another study, P. Abellan et al. studied the
stability of different electrolytes against electron beam illumination by in situ liquid STEM
[120]. The electron beam caused localized electrochemical reactions allowing to estimate the
electrolyte breakdown by imaging the decomposition products (Figure 1.9). It was observed
that apart from lithium triflate in dimethyl sulfoxide, all the other tested salt containing
solutions showed evidence for degradation, although the specific rates, products, and
mechanisms varied and depended on the salt solvent combination. The degradation of LiAsF6
in 1,3-dioxolane started by forming particles, which evolved into nanorods that continuously
grew suggesting no degradation in the organic solvent (Figure 1.9a). The growth of rounded
nanoparticles was observed instead of nanorods in both LiAsF6 in dimethyl carbonate (DMC)
(Figure 1.9b) and LiAsF6 in ethylene carbonate (EC)/DMC (Figure 1.9c). The particle growth
appeared to be slower by mixing EC with DMC (Figure 1.9c). To study the effect of the salt, the
stability of LiPF6 in EC/DMC was tested under the same dose conditions used for LiAsF6 in
EC/DMC (Figure 1.9d). The LiPF6 mixture appeared to be more stable compared to LiAsF6.
Finally, a mixture of EC/DMC was tested to study the effect of electron beam on the solvent in
the absence of salt (Figure 1.9f) and no obvious particle formation was observed.
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Figure 1.9: Electron beam induced breakdown of different electrolytes upon irradiation. (a-e) BF-STEM
images showing the time evolution of different electrolytes during an exposure series and (f) frames from
an exposure series of the pure EC/DMC solvent. (g) TEM images of an irradiated area of the LiAsF6 in
DMC mixture after separating and washing the Si chips for performing postmortem analysis. Low
magniﬁcation (left) and HRTEM and consequent fast Fourier transform (FFT) of the irradiated area
shows the presence of LiF nanocrystals [120].

As shown above, the high-energy electrons have a significant effect on the solution
during imaging with the radicals and ions generated by the electron beam, which can
participate in further electrochemical reactions [124]. Moreover, the electron beam acts as a
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reduction agent for dissolved salts resulting in the growth of (metallic) nanoparticles [125].
Therefore, the electron beam–liquid interactions (e-beam damage) represent a major limitation
for imaging liquid samples inside electron microscope. In addition, bubble formation from
degradation products, heating, electrostatic charging and hydrocarbon contamination are
common problems during in situ TEM [126, 127]. Consequently, radiation damage has to be
critically considered when interpreting the results obtained for electron beam sensitive
materials like Li containing materials or organics.

1.7.1.2 Open cell approach
In the “open cell” approach, a nanobattery is assembled either by using an ionic liquid
electrolyte (ILE) to avoid evaporation in the high vacuum of the TEM column [128] or by using
an all-solid-state battery [129]. Construction of a nanobattery using an ionic liquid electrolyte
can be achieved using a STM-TEM (scanning tunnelling microscopy combined with
transmission electron microscopy) holder with the active material under investigation in form
of nanorods, nanotubes or nanoparticles. These electrode materials are attached by the simple
adhesion forces to a clean current collector surface at the tip of the STM-TEM holder. On the
other side, a tungsten tip is used to carry the counter electrode, which is covered by an ILE as
electrolyte [128]. Alternatively, Li2O, which forms on a Li surface in air during transfer into the
TEM can also be used as solid electrolyte [129]. The positions of the nanowires on the
STM-TEM tip can be adjusted with a high accuracy towards the counter electrode to establish
contact between the electrodes through the electrolyte. Figure 1.10 shows schematic
illustrations of these approaches for an open cell configuration.

Figure 1.10: Schematic illustrations of the open cell nanobattery setup inside a TEM using (a) ionic liquid
electrolyte, (b) solid-state electrolyte (the thin Li2O layer formed on the Li metal) [100].
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As an example for a TEM study with an open cell approach, Jian Yu Huang et al.
investigated a single SnO2 nanowire anode with an ionic liquid electrolyte and a LiCoO2 cathode
[130]. The in situ TEM observation of the lithiation of the SnO2 nanowire during
electrochemical charging revealed the propagation of the reaction along the nanowire causing
swelling, elongation, and spiral. TEM analysis showed a transformation of the nanowire from
single crystalline before the reaction and small nanocrystals (LixSn and Sn) dispersed in an
amorphous matrix (Li2O) after prolonged charging. Moreover, the reaction front consists of a
cloud of dislocations driven by the high stresses induced by the electrochemical reaction. It was
suggested that these dislocations disturb the structural order of the crystal leading to
amorphization. Furthermore, it was noted that the dislocation cores are highly effective Li
transport channels facilitating the insertion of Li ions into the crystalline interior. Similarly,
in situ TEM studies using ionic liquid electrolyte based open cells have been performed to
understand fundamental aspects of the lithiation of silicon nanowires [131], SnO2 nanowires
[132], and amorphous silicon coated carbon nanofiber [133]. For example, Xiao and Jian [131]
imaged the lithiation of a single crystalline Si nanowire in real-time while the tip of the
nanowire was immersed in an ionic liquid electrolyte. During lithiation, the single crystalline
silicon (c-Si) nanowire was partially converted to an amorphous lithium silicon (a-LixSi). In
addition, they observed that the reaction proceeded from the surface to the centre of the
nanowire while a residual c-Si core was usually observed even after extended charging. To
improve the electrical conductivity of the nanowire, heavily doped Si nanowires, carbon coated
and carbon-coated doped Si nanowires were studied. The microstructural evolution of the
C-coated and the doped Si nanowires showed fast charging, large volumetric expansion and full
lithiation to the crystalline Li15Si4 (c-Li15Si4) phase during the first charging process rather than
the partial conversion to the a-LixSi alloy observed previously. During discharging, the c-Li15Si4
nanowire was delithiated to amorphous silicon (a-Si). An increased charging rate was observed
for the doped Si nanowire coated with carbon causing spiral and twisting motion of the lithiated
nanowire (Figure 1.11a-j). This nanowire was first lithiated forming an a-LixSi phase, followed
by a transition to c-Li15Si4 phase (Figure 1.11k). The fast charging rate was attributed to the
improved electron and ion transport. The authors found that the only crystalline phase formed
as a fully lithiated phase was Li15Si4 rather than the Li22Si5 or Li21Si5 phases as widely believed.
This means that the maximum lithium storage in Si is 3.75 Li/Si atoms corresponding to a
maximum energy storage capacity for Li in Si of 3579 mAh g-1 rather than the widely believed
4200 mAh g-1. However, this study could not determine the exact Li/Si ratio in the amorphous
LixSi phase.
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Figure 1.11: (a-i) TEM images of carbon-coated and phosphorus-doped Si nanowires during charging,
(j) high magnification time-lapse TEM images showing the expansion and the core-shell lithiation
behaviour, (k) SAED pattern showing coexistence of the c-Li15Si4 and a-LixSi phases [131].

All-solid-state nano-LIBs have been prepared inside a TEM using lithium with a thin Li2O
layer on the surface as one electrode and e.g. individual Co9S8/Co nanowire-filled carbon
nanotube (CNT) as a working electrode [129]. Two types of nanowire-filled CNTs have been
studied, filled CNTs with an open end and another with closed ends. For the filled CNTs with
closed ends, the lithiation produced an axial elongation of 4.5% and a major radial expansion
of 32.4% while the lithiated core of nanowire was confined inside the CNT. SAED results
confirmed the phase transformation from a single crystalline Co9S8 nanowire to a polycrystalline
nanowire of Co nanograins and Li2S after lithiation. On the other hand, the full lithiation of
Co9S8/Co-filled CNTs with an open end caused a radial expansion of 4% due to Li intercalation
within the graphite layer while no axial elongation was detectable. However, the Co9S8 inside
the nanowire showed an axial elongation of 94.2% while maintaining its diameter. Because of
the large volume expansion during lithiation, the lithiated core was extruded out of the CNT
(Figure 1.12). Moreover, a conical shape of the reaction front was always observed during
lithiation (Figure 1.12c), which indicates diffusion of Li ions through the CNT shell. Therefore,
the complete encapsulation of metal sulphides by CNTs is advantageous for anode material in
LIBs to maintain the structural stability during the lithiation-delithiation process. Many other
studies have been based on the same approach, e.g. for SiO2 electrodes [134], silicon nanowires
[135], Al nanowires [136], Ge nanowires [137], SnO2 nanowires [134], InAs nanowires [138],
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Si nanoparticles [139], an individual Co3O4/graphene nano-sheet [140], MnFe2O4/graphene
nano-sheet [141], PbSe/reduced graphene oxide nano-sheet [142] and Fe2O3/graphene [143].
Similarly, the sodiation and desodiation in sodium ion batteries were recently studied in situ
using nanowires with an open cell design, where Na metal is used as a source of Na ions with
the oxide layer formed on the metal surface (Na2O) acting as a solid electrolyte. For example,
single crystalline alpha-MnO2 nanowires [144], ZnO nanowires [145], and α-MoO3 nanobelts
[146] were studied inside the TEM. Other solid electrolytes have also been used in solid-state
open cells such as LiAlSiOx [147]. All these different studies have made significant progresses
in understanding the electrochemical reactions in batteries.

Figure 1.12: TEM images of an individual Co9S8/Co-filled CNT with an open end: (a) the selected
Co9S8/Co-filled CNT, (b-h) time sequence of lithiation process showing the gradual extrusion through
the open end of CNT [129].

Although the open cell configuration has been used extensively to study LIBs in situ, this
system can only be considered as a simplified model as the ionic liquid electrolyte is only in
point contact with the electrode so the diffusion patterns of Li ions in the electrode may differ
from a real battery where the electrode is fully immersed in the electrolyte [124]. Moreover,
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the results might not be directly transferable to other liquid electrolytes with solid electrolyte
interphase (SEI) formation. In case of Li2O as electrolyte, a large overpotential is normally
applied to drive the Li ions into the electrode, so the kinetics and phase behaviour of lithiation
may change [124]. Preparation of thin-film all-solid-state batteries and cutting a micron-sized
battery from it to perform in situ electrochemical studies in the TEM is significantly closer to
analysing a real battery. To prepare micron-sized all-solid-state ion batteries, a FIB system can
be used to lift-out a lamella consisting of anode, cathode and electrolyte in between. A first
in situ TEM study of an all-solid-state Li-ion battery prepared by FIB was performed by
Y. S. Meng et al. in 2011 [148]. They used FIB to prepare micron-sized battery from an
all-solid-state LIB consisting of an amorphous Li3.4V0.6Si0.4O4 (LVSO) as electrolyte, SnO2 as an
anode, and LiCoO2 as a cathode. The thinned lamella of the battery still connected to the bulk
battery was cycled within the FIB and the Li distribution in the cathode mapped afterwards.
However, attempts for in situ cycling of an isolated micron-sized battery in the TEM resulted in
an ‘explosion’ of the battery.

1.8 Motivation and outline of the present work
All-solid-state fluoride ion batteries were selected as a model system for in situ TEM
investigation of their electrochemical processes as they are a new class of promising high
capacity battery systems. However, the state-of-the-art nanocomposites prepared in the group
of Prof. Fichtner as cathode, anode and electrolyte materials resulted in fluoride ion batteries
with capacities far below the theoretical values and rapidly fading during cycling. Chemical and
structural information for the fluoride ion batteries are needed to understand the basic
processes, the degradation mechanisms, and the structural changes in the electrodes to develop
a better understanding of the structure-property relationships for this type of battery. This
understanding will help to improve the all-solid-state fluoride ion batteries.
The electrodes and electrolyte materials used in the fluoride ion battery are mostly stable
under the electron beam, further making this a good model system for in situ TEM
electrochemistry, not suffering from the typical beam damage and the problems present in most
previous in situ TEM investigations. In addition, ex situ TEM studies at different stages of the
electrochemical process were performed to understand the structural changes in batteries
cycled at the envisioned elevated temperatures, which was not possible for our in situ MEMS
devices. Furthermore, this is critical as reference to evaluate the in situ TEM results.
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For the in situ TEM studies, all-solid-state micron-sized batteries were fabricated from
fluoride ion batteries by using FIB. The fluoride ion batteries used in this thesis are:
1- A half-cell consisting of Bi/La0.9Ba0.1F2.9/C as an electrode and La0.9Ba0.1F2.9 as a solid
electrolyte.
2- A full cell consisting of Cu/C as a cathode, Mg/MgF2/La0.9Ba0.1F2.9/C as an anode, and
La0.9Ba0.1F2.9 as a solid electrolyte.
As part of this thesis, the sample preparation for the in situ TEM studies was developed
and optimized. The preparation started from an all-solid-state fluoride ion battery based on a
compressed powder cell using conventional FIB TEM lamella preparation methods. Challenges
that had to be overcome for the successful FIB preparation of a working battery include
contamination during metal deposition, porosity of the battery materials, resistance of the metal
contacts, MEMS leakage currents, and the cohesion and adhesion of/between the electrodes at
the nanoscale. However, ultimately, it was possible to prepare a micron-sized battery closely
resembling the bulk cell. The miniaturized cathode half-cell and full cell fluoride ion batteries
were charged/discharged inside an aberration corrected TEM for the in situ studies to follow
the structural changes.
In addition, ex situ TEM studies were performed for a full cell consisting of
CuF2/La0.9Ba0.1F2.9/C as cathode, a La sheet as anode, and La0.9Ba0.1F2.9 as a solid electrolyte.
The system was cycled to different charging states for the investigation. The aim was to follow
morphological and chemical changes as well as the various phases formed during cycling to
understand the capacity fading.

1.9 Structure of thesis
This thesis consists of seven chapters with the following structure:
Chapter 1 covers the basic background of battery technology, the working principle, some
history, and current limitations. In addition, the chapter introduces characterization techniques
for batteries, in particular TEM studies of LIBs as reference for the current work.
Chapter 2 introduces the background and working principles of the analytical techniques
used for understanding the electrochemical reactions such as XRD, SEM, FIB system and the
different TEM techniques. In addition, electron-matter interaction and radiation damage in the
electron microscope are discussed. Furthermore, the chapter presents the working principle of
electrochemistry techniques (potentiometric and galvanometric methods).
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Chapter 3 addresses how the materials for the fluoride ion batteries and the bulk batteries
are prepared and their electrochemical characterization is introduced. Furthermore, FIB
fabrication and mounting of micron-sized fluoride ion batteries are presented.
Chapter 4 presents the challenges in sample preparation for in situ studies such as
porosity of the battery materials, contamination during metal deposition, resistance of the metal
contacts, MEMS leakage currents, and interfaces smoothness.
Chapter 5 presents the results obtained during in situ TEM studies of the Bi/La0.9Ba0.1F2.9
half-cell and the Cu/La0.9Ba0.1F2.9/MgF2 full cell. Furthermore, the electrochemistry result of a
micron-sized Cu/La0.9Ba0.1F2.9/MgF2 full cell, which was cycled ex situ, is presented.
Chapter 6 presents the results of the ex situ TEM studies of the CuF2/La2.9Ba0.1F2.9/La
full cell at different charging states.
Chapter 7 provides up the conclusions of the thesis and gives an outlook on future work.
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2 Methods and characterization techniques
2.1 Introduction
For good materials understanding the knowledge of the morphology, crystal and
electronic structure and their correlation with processing parameters, properties, and
performance is mandatory for the development of battery materials. Characterization tools
enable us to establish links between these aspects and hence understand the performance of
materials. For that purpose, a large variety of characterization techniques are available such as
SEM, TEM, AFM, XRD, energy dispersive X-ray spectroscopy (EDX), EELS, and X-ray
photoelectron spectroscopy (XPS).
TEM is one of the major characterization tools to directly image the structure of a
material down to the atomic scale, opening the door to synthesize new materials with exciting
properties [149]. In order to interpret the (atomic) structure observed in TEM, understanding
the interaction of the electron beam with the specimen is essential as well as understanding the
effects of the microscope on the image formation. Therefore, this chapter will start with the
interaction of the electron beam with bulk and thin film samples. In particular, the effect of the
electron beam on battery materials will be discussed. Furthermore, the principles of X-ray
powder diffraction, FIB microscope and TEM will be presented and its operation modes
explained. Finally, potentiostatic and galvanostatic cycling techniques as tools for the
electrochemical characterization will be presented.

2.2 Electron-matter interaction
2.2.1 Interaction of an electron beam with matter
The interaction of an electron beam with the specimen is the base for any electron
microscopic characterization providing a wealth of information in the form of different types of
signals that can be detected. Figure 2.1 shows the interaction of an electron beam with a thick
sample, which can be classified into two main categories [150–152]:
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Figure 2.1: Interaction of high-energy electrons with a material (bulk specimen).

2.2.1.1 Elastic interactions
During an elastic interaction, no energy is transferred from the incident electrons to the
specimen. Some of the electrons of the original high-energy beam are scattered/diffracted
elastically by the atoms of the sample so that they are reflected from the sample surface forming
the so-called backscattered electrons (BSE) providing information about atomic number
differences in the material and for electron backscatter diffraction (EBSD) about the crystal
structure/orientation.

2.2.1.2 Inelastic interactions
During an inelastic interaction, energy is transferred from the incident electrons to the
specimen leading to a reduced energy of the electrons. Depending on the process causing the
energy transfer, this will result in a range of signals emitted from the sample such as
characteristic X-rays, Auger electrons (AE), secondary electrons (SEs) and cathodoluminescence
(CL). These signals contain information about the specimen that can be collected in an
(analytical) electron microscope to characterize the morphology and chemistry of the specimen.
-

Secondary electrons (SEs):
SEs are ejected from an atom by transferring sufficient energy from an incident electron

to overcome the work function. SEs have energies below 50 eV and therefore they can only
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escape from regions near the surface. These electrons provide information about the
morphology and surface topography in the SEM. In SE images, sharp edges appear bright
compared to flat regions, which can be explained by the greater surface area of edges and hence
a higher yield of SEs.
- Characteristic X-rays:
The atoms in a sample can be excited by the primary electron beam knocking an electron
from an inner shell leaving behind a hole in the inner shell. For that, the primary electron must
possess sufficient energy, which is higher than the energy difference to the next unoccupied
electronic state. In this excited state, an electron from a higher energy level can fill the hole in
the inner shell. The corresponding energy difference is then emitted in the form of
electromagnetic radiation (X-ray) (Figure 2.2), which has a characteristic energy depending on
the energy difference between the two states. The energy of X-rays is characteristic for the
different elements as is explained in more detail in section 2.5.3.

Figure 2.2: Origin of characteristic X-rays constituting the basis for EDX spectroscopy in the simplified
framework of Bohr’s atom model.

- Auger electrons:
An alternative relaxation of an excited atom is described by the Auger process. Instead
of directly emitting the energy as a single characteristic X-ray, the energy difference of the
transition will be transferred to another electron in the same atom that, in turn, gets sufficient
energy to be emitted as an Auger electron. The energy of Auger electrons is characteristic for
the different elements similar the characteristic X-rays. Their detection probability is highest for
light elements. Auger electrons have low energies and interact strongly with the specimen
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resulting in a strong absorption. Therefore, detectable Auger electrons come from a thin region
close to the sample surface (~1-2 nm).
- Backscattered electrons (BSE):
Rutherford backscattering is an elastic scattering process as the result of the Coulomb
interaction between the incident electrons and the nucleus of an atom. The backscattered
electrons are high-energy electrons with the same energy as the incident electrons and can
originate from up to a few microns in the specimen. The probability that an electron is
backscattered from the sample depends on the average atomic number of the material. Atoms
with high atomic number have large nuclei and their backscattering probability is high. This
results in more backscattered electrons from phases with high average atomic number, so that
these phases appear brighter than phases with low average atomic number in BSE images.
- Cathodoluminescence (CL):
Electron-hole pairs can be generated when a primary electron excites an electron from
the valence band of the specimen to the conduction band. This excited state is energetically
unstable and hence an electron from the conduction band can relax and fill the hole in the
valence band. As a result of this recombination process, a photon carrying the energy difference
will be emitted (CL). This difference in energy is small and hence the frequency of the emitted
characteristic radiation is low, typically in the visible range. Measuring the wavelength of the
CL is useful, e.g. in semiconductors to determine the band gap.
- Transmitted electrons:
If a sample is sufficiently thin, a large fraction of the incident electron beam will pass
through the sample and can thus be detected in transmission as the basis for TEM analysis. The
basic principles for the interaction of an electron beam with a thin sample are the same as for
a thick sample leading to both elastically and inelastically scattered electrons in transmission in
addition to the previously discussed signals as shown in Figure 2.3. While transmitted electrons
can be detected for micron thick sample in case of high-energy electrons, a thin sample in
transmission electron microscope refers to a sample where the majority of the electrons passes
unscattered. Details on the information that can be obtained from the transmitted signals will
be discussed in section 2.5.
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Figure 2.3: Interaction of high-energy electrons with materials (ultra-thin specimen).

2.2.2 Radiation damage in electron microscopy
Electron microscopic imaging and spectroscopy provide important information about
the chemical composition and micro/nano structure of materials with high spatial resolution.
However, the electron beam may also cause undesirable changes in the surface or the bulk
structure of the specimen investigated. Especially for studying battery materials, electron beam
damage remains a critical obstacle for the application of electron microscopy techniques. The
mechanisms responsible for the electron beam damage are [153, 154]:
1- Knock-on damage where the kinetic energy and momentum of an incident electron will be
transferred to an atom. If the transferred kinetic energy is higher than the displacement
threshold or higher than the surface binding energy, the atom will be kicked out from its
regular site to an interstitial or vacancy position or sputtered from the surface. This can result
in an amorphization of the material and sputtering can lead to compositional changes. The
damage rate will increase with increasing operation voltage.
2- Radiolysis is due to the Coulomb interaction between the incident electrons and the electron
shell of an atom/molecule raising one of the electrons to an exited state or leading to
ionization (in the same basic process giving rise to the signals for analytical TEM). The
resulting ions and radicals can react further leading to fragmentation of the molecule or the
formation of new chemical species. This process is also the primary cause for hydrocarbon
contamination build-up by cracking/reaction of mobile hydrocarbons on the sample surface
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during TEM or SEM imaging. The damage rate for radiolysis decreases with increasing
operation voltage.
In X-ray and medical applications, the unit “Gray” (Gy) is used as a measure for the
radiation dose and defined as “absorption of one joule of energy introduced by ionizing
radiation to one kilogram of matter (1 Gy=1 J/kg)” [154]. A more common measure for the
irradiation dose in electron microscopy is the “electron dose” as the number of the incident
electrons hitting an exposed unit area (C/cm2 or e/nm2). It is assumed that every material has
a dose threshold below which, beam damage is not strongly noticeable in TEM [155, 156].
Typically, the critical dose is quoted for specific imaging conditions in static TEM analysis,
where the strength of a specific signal is reduced to 1/e. This is typically tolerable for static
imaging of the structure, but means that ~2/3 of the material is already damaged. However,
beam damage effects are even more critical in in situ TEM as small amounts of excited
atoms/molecules could lead to different side reactions. As an example of radiation damage, the
effect of electron dose on one compound in Li-ion battery electrolytes (Li2CO3) [157] was
studied, where a gradual degradation (decomposition) after repeated EELS measurements of
the same area was observed. This degradation has been attributed to knock-on, ionization, and
thermal effects of the electron beam that lead to structural and compositional changes [126,
157, 158].
In general, electron beam induced damage is decreased by reducing the dose per area,
reducing the sample temperature (freezing the structure of interest) and the operating voltage
can be optimized depending on the damage mechanism. Moreover, it was found that the critical
dose can be dependent on the dose rate (e/nm/sec), e.g. decreasing the dose rate reduced the
radiation damage of a CaF2–Al2O3–SiO2 glass [154]. To perform in situ electrochemical
measurements or even just to study battery materials in the electron microscope, caution is
required to consider electron beam irradiation effects during analysis as well as during sample
preparation. Electron dose effects on the battery components must be understood and
quantified, and imaging conditions adjusted to reduce the electron beam dose below the critical
values to prevent significant artefacts [159]. In addition to the active battery materials, electron
beam irradiation strongly affects organic electrolytes and thus the exchange of ions at the
electrode-electrolyte interfaces as well as the transport of ions within the electrolyte [120]. With
the combined effects on the electrode materials and the electrolyte it is therefore difficult to
distinguish chemical and structural changes due to electrochemical cycling from those arising
from electron beam effects in in situ TEM investigations.
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2.3 X-ray diffraction (XRD)
XRD is a common analytical technique used for determining crystal structure, crystallite
size, phase analysis and texture [160]. A typical X-ray diffractometer consists of a cathode ray
tube (CRT) where a filament can be heated to emit electrons. By applying a high voltage, these
electrons will be accelerated towards a water-cooled target. Characteristic X-ray spectra are
emitted due to interaction between the incident energetic electrons and inner shell electrons of
the target material. The generated X-ray spectrum is polychromatic and is typically filtered by
a crystal monochromator to produce monochromatic radiation directed towards the specimen.
As the X-ray wavelength is comparable to the spacing of the planes in a crystal lattice, crystalline
materials act as three-dimensional diffraction gratings for the X-rays. Constructive interference
of the X-rays is obtained when the path length difference D between X-rays scattered at different
atoms is a multiple of the wavelength. From simple geometric considerations shown in
Figure 2.4, the path length difference D can be calculated for lattices with distance d by
equation 2.1 depending on the incident angle of the X-rays θ:

.

2.1

Consequently, constructive interference is achieved when D is equal to an integer number of
the X-ray wavelength λ. Thus, diffraction peaks can only be observed if Bragg’s law [161] is
satisfied (equation 2.2), where n is the reflectance order:

.

;n

1, 2, 3, … …

2.2

Figure 2.4: Schematic illustration of scattering at a regular lattice leading to Bragg’s law for diffraction.
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In a case of powder, all possible diffraction directions of the lattice planes are observed as a
result of the random orientation of the power. Thus, the unit cell parameters and symmetry of
the sample can be determined from the observed diffraction angles. Moreover, X-ray diffraction
can be used to obtain further information such as [162]: strain, structural distortions, crystallite
size, dislocation density, texture, and phase purity.

2.4 Scanning electron microscopy (SEM)
SEM is one of the most commonly used electron microscopy techniques. In a SEM, a
focused electron beam is scanned across a selected area of a sample surface, where the electrons
interact with the specimen generating different signals discussed in section 2.2.1. These signals
contain information about the specimen morphology, topology, composition, crystal structure,
and orientation. A typical SEM microscope comprises a column, which consists of an electron
gun, two condenser lenses, an objective lens, the corresponding apertures, and the electronics
to generate the required acceleration voltage. Moreover, the detectors and the sample stage are
located in an evacuated chamber to reduce scattering of the electrons by the atmosphere.
Figure 2.5 shows a schematic view of a scanning electron microscope.
The most commonly utilized signal is due to secondary electrons, which can be detected
by an Everhart-Thornley detector or more recently using various types of in-lens detectors.
Synchronized with the scanning electron beam, the secondary electron detector counts the
number of electrons per unit time and transforms these counts to an electronic current. SE
images are dominated by the surface topology as edges and convex surfaces of the sample
appear brighter than flat surfaces because of the higher probability of secondary electron
emission. This allows imaging the morphology and topology with a high resolution of ~1 nm
in state-of-the-art SEMs. In addition to SE detectors, BSE detectors are commonly employed in
SEM analysis. As discussed in section 2.2.1, BSE imaging provides the atomic number or
material contrast. The combination of both detection schemes allows to obtain topographical
and compositional information of the sample surface. Furthermore, the combination with EDX
analysis (discussed in more detail in section 2.5.3) can provide direct chemical information on
a sub-micron level.
To prevent charging of non-conductive samples by the electron beam, a conductive
coating, e.g. Au or Cr, is often deposited on the sample prior to the analysis [163]. Alternatively,
low vacuum modes can be employed in specialized SEMs to reduce surface charging and to
work with wet samples.
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Figure 2.5: Schematic cross-sectional view of a scanning electron microscope [164].

2.5 Transmission electron microscopy (TEM)
TEM comprises a variety of different techniques that provide information on
morphology, structure and composition of a sample. In general, the optical setup in a
transmission electron microscope is similar to optical microscope. In a classical optical
microscope, the resolution is limited by the wavelength of the light used for imaging. The
resolution (δ) is typically given by the Rayleigh diffraction limit, see equation 2.3 [152]:

δ

0.61
sin

2.3

where, λ is the wavelength of the incident electron, μ is the refractive index of the viewing
medium, and β is the semi-angle of collection of the magnifying lens. The term “μ sin β” is also
called numerical aperture and is around 1.4 in modern optical microscopes [165]. For green
light with a wave length of 5100 Å, the resolution is thus limited to ~2200 Å. The De Broglie
wavelength of electrons depends on the acceleration voltage and is between 4.18×10-2 Å and
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1.97×10-2 Å for the typical voltages between 80 and 300 kV [166] used nowadays. This
provides the potential for a huge resolution improvement into the far sub-Ångström range by
using electrons for imaging [167]. The resolution in state-of-the-art electron microscopy is not
diffraction limited, but limited by the energy spread and the microscope stability (information
limit) and the ability to correct residual lens aberrations (point resolution). Recently, the
information limit in TEMs has been improved to 50×10-2 Å with the development of highly
stable aberration corrected TEMs [168], making it an excellent tool for nanostructure
characterization.
Figure 2.6 shows a schematic cross-sectional drawing of a TEM. The electrons are
extracted from the tip of the electron gun (located at the top of the TEM column) and are
accelerated in high vacuum conditions by an applied potential typically of 80-300 kV to reach
a speed of approx. 0.502-0.776 the speed of light [152]. The electron beam is shaped by a two
or three condenser lens system (electromagnetic lenses controlling intensity, beam diameter
and convergence angle) before illuminating the electron transparent specimen. The electron
beam interacts with the specimen generating different scattered electrons and hence the signals
for analysis (as discussed in section 2.2.1). A first intermediate image is formed by the objective
lens. A four-stage projection system is used to magnify the electron intensity distribution of the
first intermediate image for viewing/recording on a fluorescent screen, film or a charged
coupled device (CCD) camera. [167].
The electromagnetic lens system in a TEM provides a much higher flexibility compared
to classical glass lenses in an optical microscope and allows operating the TEM in a large variety
of different modes such as STEM or SAED in addition to bright and dark field imaging
(BF/DF-TEM). All of these modes can be combined with e.g. EELS and EDX spectroscopy for
compositional analysis as well be discussed in the following sections.
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Figure 2.6: Schematic outlining the internal components of a basic TEM system [169].

2.5.1 Imaging and diffraction modes
A TEM can be operated either in imaging mode (BF- or DF-TEM) or in diffraction mode.
As discussed before, the electron beam illuminates and interacts with the thin specimen, after
shaping it using the condenser lens systems. The major part of the electron beam is forward
scattered through the sample. An objective lens is used to focus the forward scattered electrons
forming a primary image in the intermediate image plane, while the diffracted electrons are
focused in the back-focal plane of the objective lens leading to the formation of a diffraction
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pattern there (Figure 2.7). In TEM imaging mode, the diffraction lens is set to transfer the
intermediate image onto the image plane of the projection system, which will then produce a
magnified image on the screen (Figure 2.7b). In diffraction mode, the strength of the diffraction
lens is changed to image the diffraction pattern in the back-focal plane onto the image plane of
the projection system, so that a magnified diffraction pattern is imaged on the screen or CCD
camera (Figure 2.7a).
For BF-TEM imaging (Figure 2.7b), an objective aperture is inserted in the back-focal
plane of the objective lens limiting the acceptance angle of the beam and thus blocking some of
the diffracted or highly scattered electrons. As a result, the areas strongly contributing to the
blocked diffracted or scattered beams will have low intensity in the intermediate image plane
and thus appear dark in the projected image. BF-TEM images therefore exhibit a mixture of
mass-thickness and diffraction contrast. With increasing sample thickness and increasing
density, the average scattering angle is increasing, thus resulting in a bigger fraction of the
electron beam that is blocked by the objective aperture for thicker and/or more dense parts of
the sample. This contrast is dominating BF-TEM images of amorphous samples. In addition, in
crystalline samples some of the strong diffraction spots satisfying Bragg’s law will be blocked
by the objective aperture and the corresponding crystals will appear dark. This diffraction
contrast is typically much stronger compared to the mass-thickness contrast and dominates
BF-TEM images of crystalline samples.
For DF-TEM imaging, the incident beam can be tilted, so that one or more of the
diffracted beams pass through the objective aperture, whereas all other diffracted beams and
the directly transmitted beam are blocked. As a result, a DF-TEM image is formed, which shows
all parts of the sample strongly contributing to the diffracted beams passing through the
objective aperture as bright areas.
In the diffraction mode (Figure 2.7a) a diffraction pattern corresponding to the full area
illuminated by the electron is formed in the back-focal plane and imaged on the screen. A
selected area aperture can be inserted in the intermediate image plane to choose a region of
interest resulting in a so-called selected area electron diffraction (SAED) pattern. Information
about the crystal structure and orientation of the specimen can be obtained from the diffraction
pattern analogous to X-ray diffraction. As an alternative to selected area electron diffraction,
the illuminated area can be adjusted using the condenser system, which can be used to generate
nano electron beam diffraction patterns (NED) from areas as small as a few nanometers [170].
Thus, it is possible to obtain individual single crystalline diffraction patterns even for
nanostructured materials.
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Figure 2.7: Schematic diagram showing the two basic operations of TEM (a) diffraction mode: projection
of the diffraction pattern onto the viewing screen (b) imaging mode: projection of the image onto the
viewing screen (modified from [151]).
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2.5.2 Scanning transmission electron microscopy (STEM)
Scanning transmission electron microscopy is another TEM operation mode. In STEM,
the electron beam is focused to a small spot (probe) on the sample and the probe is scanned
across the specimen analogous to the SEM. The projection system is operated in diffraction
mode and for each position of the probe, the intensity of part of the diffraction pattern is
recorded. Depending on the part of the electron diffraction pattern used for the image
formation, one differentiates between the bright field (BF), annular dark field (ADF) and high
angle annular dark field (HAADF) STEM. A BF image is formed from the electrons that have
not been diffracted, while DF images are formed by detecting the electrons scattered to low
angles (ADF) or high angles (HAADF) as shown in Figure 2.8. By tuning the camera length in
STEM, the scattering angle can by optimized and hence, the different scattering contributions
can be tuned from more coherent scattering (diffraction contrast) to mostly Rutherford
scattering (Z-contrast).

Figure 2.8: Schematic drawing of BF-, ADF-, and HAADF detectors for STEM imaging.

Most commonly, STEM images are recorded using the HAADF signal from electrons
scatter to high angles. This is dominated by Rutherford scattering where the scattering power
mostly depends on the average atomic number as well as the total amount of material [171],
whereas coherent diffraction is weak at such high angles. Therefore, HAADF-STEM images are
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dominated by the sample thickness and the average atomic number [167]. As a result,
STEM-HAADF images can be easily interpreted in terms of Z-contrast with bright regions (more
scattered electrons) corresponding to thicker regions or regions with a high average atomic
number. Furthermore, STEM imaging can be easily combined with spectroscopy, where the
local analytical signal can be recorded using EDX and/or EELS detectors. This provides direct
information on composition, bonding and thickness for each data point with down to
sub-nanometer resolution.

2.5.3 Electron dispersive X-ray analysis (EDX)
The X-rays generated during the interaction of the electron beam with the specimen
(section 2.2.1) can be detected and their energy analysed by electron dispersive X-ray
spectroscopy (EDX). Every element has a characteristic set of allowed transitions for electronic
excitations satisfying the quantum mechanical selection rules (Figure 2.9). These transitions
have a characteristic energy difference, resulting in a discrete set of X-ray energies for each
element, which can be used to uniquely identify that element [172]. By combining STEM
imaging and EDX analysis to acquire 2D arrays with full EDX spectra at each point, mapping of
compositional differences in the specimen is possible.
With the known X-ray emission efficiency of the different elements, it is further possible
to quantify the chemical composition of the specimen. However, for an accurate quantification
reabsorption of X-rays within the specimen and at the detector entrance have to be considered
as well as X-ray fluorescence, where a high-energy X-rays can excite a lower energy X-ray
emission in another part of the sample [150]. This effect becomes especially relevant for two
elements with similar emission/absorption energies. Furthermore, the bremsstrahlung
background has to be properly subtracted for quantification, which can be difficult for losses
less than 1 keV.
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Figure 2.9: All allowed transitions between the K, L, M, and N shells of an atom.

2.5.4 Electron energy loss spectroscopy (EELS)
EELS is an important analytical technique that measures the change in kinetic energy of
electrons after they passed through the sample. Energy loss measurements give a lot of
information about the electronic structure of the sample such as chemical bonding, valence
state, band gap and as well elemental composition. In EELS, the sample is exposed to a
monochromatic electron beam. Because of inelastic scattering, some of the electrons will lose
energy. By applying a perpendicular magnetic field, the electrons are deflected depending on
their energy, which can be used to record the energy distribution of the electron beam.
Figure 2.10(a & b) shows a schematic and cross-section of the EELS setup with a Gatan imaging
filter (GIF), which is mounted below the TEM column. A magnetic sector-field (magnetic prism)
is used to disperse the forward scattered electrons and hence record an electron energy loss
(EEL) spectrum. Moreover, an energy selecting slit can be inserted in the dispersion plane and
a series of lenses can be used for forming a real space image from these electrons – an EFTEM
image with a defined energy loss. CCD camera records the image/spectrum. EELS on a field
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emission gun (FEG) system provides an energy resolution of about 0.3-0.4 eV, which can be
improved to 0.1 eV by using a monochromator [173].
For EEL spectroscopy, generally two regions are considered: the low loss region up to
around 50 eV and characteristic inner shell excitation edges. The low loss region consists of a
sharp peak (zero-loss peak), which correspond to the elastically scattered electrons and a
number of broad peaks corresponding to plasmon losses [174]. The low loss region can give
information related to the dielectric function, band gap and as well the sample thickness. The
core-loss region with the characteristic inner shell excitation edges provides information about
the composition (edge intensity) as well as on the oxidation state/local atomic environment
(near edge fine structure). EELS has a high sensitivity for analysis of light elements and, in
general, edges with an energy loss between 100 and 1000 eV. Here, EELS is significantly more
sensitive compared to classical EDX detectors [175]. However, EDX is typically more sensitive
for heavy elements. Furthermore, in form of EFTEM imaging, it is very powerful for large area
element specific imaging, whereas STEM-EDX/EELS mapping is quite time consuming.

Figure 2.10: EELS experimental setup for a GIF (a) schematic [176], (b) cross-section of a GIF Tridiem
spectrometer (model 863) [177].
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2.6 Focused ion beam microscopy (FIB)
The basic setup of a focused ion beam microscope is very similar to an SEM: a finely
focused beam of charged particles (typically Ga+) is scanned across the sample surface and the
resulting secondary ions or electrons are detected to image the structure. Because of the higher
mass, the ion beam can not only be used for imaging, but the primary use in most FIB systems
is for site-selective sputtering or milling using the impact of the high-energy ions on the sample
surface (Figure 2.11). This can be used to structure specimens on micrometers sized areas with
~10 nm precision. To increase the sputtering speed during ion beam milling, a higher beam
current is used compared to typical imaging conditions or etch-enhancing gases can be
introduced. Furthermore, gas-assisted deposition (Figure 2.12) of metals or insulator in specific
areas is a very versatile extension of the FIB for nanostructuring.

Figure 2.11: Schematic describing processes during ion beam milling [178].

Figure 2.12: Schematic describing atomic processes during ion beam gas-assisted deposition [178].
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The flexible combination of analytical SEM and nanostructuring with the ion beam
(Figure 2.13), makes modern FIB systems essential tools in many laboratories for high
resolution imaging in plane-view and cross-section and for micro/nano machining, in particular
for TEM sample preparation. FIB has many advantages for preparing TEM specimens compared
to traditional methods [179]:



Target preparation with high spatial accuracy,



Complex materials combinations can be processed, which are difficult for traditional
mechanical or broad beam polishing techniques, e.g. from the combination of hard and soft
matter.



Faster than traditional polishing methods.

However, FIB sample preparation also has some disadvantages such as Ga implantation and
surface damage during the milling process. This is minimized by performing the final thinning
at low voltages (5 kV in our case, down to 500 V in state-of-the-art FIBs) and the long machine
times need for large area sample preparation. Furthermore, re-deposition and contamination
with deposited metals (Pt and W) can be a big problem for electrical measurement
(see chapter 4).
TEM sample preparation is typically performed by in situ lift-out (INLO) [180]. For
INLO, a small lamella is cut free from the bulk specimen with trenches on both sides. The
lamella is contacted by the tip of a micromanipulator and is fully cut free to transfer it to a TEM
half-grid inside the FIB chamber. Afterwards, final milling to TEM transparency is performed
with the lamella mounted on a TEM half-grid [179]. Figure 2.14 illustrates the steps of the
INLO technique.

Figure 2.13: Schematic of FIB cross-section preparation for micron-sized operational batteries.
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Figure 2.14: SEM images of INLO technique, (a) overview of the lamella after milling off two trenches,
and mill it from the bottom and one side, (b) extracting the lamella from the bulk sample using
nanomanipulator, (c) attaching the lamella to the Cu TEM grid, (d) Lamella after thinning.

2.7 Electrochemical characterization
The fundamental performance of a battery system can be characterized using
electrochemical techniques to learn more about the redox reactions involved, overpotentials as
well as degradation processes. For the electrochemical characterization, the techniques are
differentiated as potentiometry (voltage controlled) and amperometry (current controlled) as
well as for discharging test open and close circuit testing.

2.7.1 Potentiometric techniques
Potentiometric techniques are electrochemical analysis techniques where the potential
of the working electrode of the electrochemical cell is controlled and the resulting current
during charging/discharging of the battery is measured. The potential of the working electrode
is measured against a reference electrode with constant potential. Various potentiometry
methods have been implemented [181–183]:
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2.7.1.1 Potential step (or Chronoamperometry)
In this technique, the applied voltage is abruptly changed from one value (V1), where
the electrode is in the equilibrium to another value (V2). As a result, the current rises suddenly
and then decrease gradually (Figure 2.15). This resulting current is measured as a function of
time.

Figure 2.15: Potential step voltammetry: (a) voltage vs. time, (b) current vs. time [183].

2.7.1.2 Linear sweep voltammetry (LSV or LV)
In LSV, the working electrode potential is linearly swept with time. The potential scan
is either in positive or negative direction. As the voltage sweep starts a current begin to flow,
which corresponds to the oxidation/reduction reactions taking place at the electrodes. There
are many factors that have an effect on the characteristics of the recorded linear sweep
voltammogram such as the rate of the electron transfer, chemical reactivity of the electroactive
species and voltage scan rate [184]. Figure 2.16 shows the voltammogram of a single linear
sweep voltage.

Figure 2.16: (a) Linear sweep voltage as a function of time, (b) resulting current as a function of voltage
[184].
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2.7.1.3 Cyclic voltammetry (CV)
CV is one of the most used potentiodynamic electroanalytical techniques for studying
the electrochemical performance of batteries [181]. CV can be considered as linear sweep
voltammetry (LSV) repeated continuously between two values (V1 & V2) at a fixed rate, where
the sweep direction is reversed at the end of each scan. CV can be used over a wide potential
range to observe redox reactions. The cyclic voltammogram displays current vs. potential and
can be obtained by measuring the current at the working electrode during the potential sweep.
Schematically shown in Figure 2.17 is a typical cyclic voltammogram consisting of two redox
peaks opposite to each other.
Kinetic information about the redox potential and the electrochemical reaction rates of
the electrode materials can be obtained from the CV curve. Reversibility and redox potentials
of the battery system can be estimated by analysing the anodic current ( ), cathodic current
( ), the anodic potential (

) and the cathodic potential (

between the oxidation and reduction peaks (∆

) peaks in CV curve. An offset
) is often present and gives an

indication for polarization and overpotentials. Polarization takes place when the reactant
species/or the product species do not arrive at/or do not leave the surface of the electrode fast
enough to maintain the resulting current. Polarization may affect either or both of the battery
electrodes, and often depends on the voltage scan rate and the diffusion rates of the reactants.
Moreover, the effect of scan rate on the intensity of the responding currents for a
reversible electron transfer reaction is shown in Figure 2.18a. This can be explained in the
framework of the diffusion layer thickness at the electrode surface and the time of recording
[184]. The diffusion layer on the electrode surface will grow much further at the slow voltage
scan rate compared to a fast scan rate. Consequently, the current is smaller at lower rates than
at faster rates, where the current is directly proportional to the flux towards the electrode.
Therefore, the voltage scan rate strongly affects the behaviour seen of the recorded
voltammogram.
Furthermore, the position of the peak maximum as a function of the scan rate gives an
indication of the electron transfer rate. As long as the electron transfer processes are fast relative
to the voltage scan rate, the redox system remains in equilibrium during the potential scan and
the peak maximum occurs at the same voltage (Figure 2.18a). In contrast, if the kinetics of the
electron transfer processes are slow compared to the voltage scan, an equilibrium at the surface
cannot be established. As a result, the position of the current maximum shifts depending on the
scan rate and the oxidation/reduction rate (Figure 2.18b).
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Figure 2.17: Ideal shape of CV recorded for a reversible single electrode transfer reaction [184].

Figure 2.18: Series of cyclic voltammograms recorded for (a) a fast reversible electron transfer reaction
at different scan rates, (b) a slow (partially reversible) electron transfer reaction at different scan rates
[184].

2.7.2 Amperometric (galvanometric) technique
In amperometric (galvanometric) techniques, a current is applied to the counter and
working electrodes and the potential of the working electrode relative to a reference electrode
is measured. For the applied current to flow, a redox reaction (electron transfer) at the electrode
has to occur. Various amperometric technique are used such as [181]:

2.7.2.1 Constant current chronopotentiometry
It is an amperometry technique where a constant current is applied to the working
electrode of the electrochemical cell, causing redox reactions of the electroactive species. The
concentration ratio (product to reactant) will vary with time on the electrode surface and
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accordingly the electrode potential will change. The electrode potential will rapidly shift to
higher values when the concentration of the reactant on the electrode drops to zero and a new
redox process has to start. The time needed to apply this constant current until the potential
transition occurs called the transition time (τ). This time depends on concentration, diffusion
coefficient, and applied current. The reversibility of the electrode reaction governs the curve
shape. Moreover, it is possible to apply more than one current step during the same experiment
(multiple current steps) to characterize the electrode reactions. As the applied current can be
varied with time, rather than being kept constant, so there are other forms for the amperometry
such as:

2.7.2.2 Linearly rising current chronopotentiometry
Where the current can be linearly increased or decreased (counterpart to LSV
measurements).

2.7.2.3 Current reversal chronopotentiometry
Where the current can be reversed after a specific time.

2.7.2.4 Cyclic chronopotentiometry
Where the current is continuously reversed, repeats the reversal technique many times
(counterpart to CV measurements).
In particular, the current reversal chronopotentiometry and cyclic chronopotentiometry
techniques are frequently used to evaluate the specific capacity and the cycling stability of a
battery. The potential response vs. the current of the different amperometry techniques is shown
in Figure 2.19 as a function of time.
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Figure 2.19: Different types of chronopotentiometric experiments. (a) constant current, (b) linearly rising
current, (c) current reversal, (d) cyclic chronopotentiometry [181].
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3 Experimental
3.1 Introduction
Transmission electron microscope provides the highest spatial resolution among the
various types of microscope exploited to date. Therefore, TEM is the technique of choice to
study details of battery systems at the atomic scale. The understanding of the electrochemical
reactions occurring at the electrodes can eventually lead to fundamental improvements of the
battery design and performance. As discussed in the previous chapter, the quality of a TEM
analysis is greatly influenced by the lamella thickness, artefacts and the formation of damage
at surface layers (amorphous layers) during preparation. Consequently, the preparation of TEM
samples plays an important role in the quality of the analysis. The TEM samples under
investigation must be electron transparent (~100 nm or less in thickness) to enable a
quantitative analysis of the structure. FIB techniques have become the most common method
for preparing TEM samples from bulk materials. This method has been modified to fabricate
micron-sized batteries from all-solid-state fluoride ion battery, which were fixed on an
electro-contacting MEMS device to enable in situ electrochemical cycling in the TEM. The bulk
fluoride ion batteries were prepared by pressing the raw powders for the cathode, electrolyte
and anode under high pressure. The preparation of the battery materials and the procedures
for TEM sample preparation using FEI Strata 400S Dual Beam FIB system are explained in this
chapter.

3.2 Bulk material preparation
The group of Prof. Maximilian Fichtner at the Helmholtz Institute Ulm for
Electrochemical Energy Storage at KIT has pioneered the fluoride ion battery systems used in
this thesis and prepared the raw materials for the cathode, anode and electrolyte used in our
studies. Carine Rongeat et al. [185] and M. Anji Reddy et al. [48] prepared La1−yBayF3−y
electrolytes with different compositions (y=0, 0.05, 0.1 and 0.15) by ball milling the
corresponding LaF3 and BaF2 mixtures. Powder XRD was used to study the structure of the
samples after 12 h ball milling and confirmed a tysonite-type structure for the La0.9Ba0.1F2.9
electrolyte [48]. The ionic conductivity measured for La0.9Ba0.1F2.9 was the highest among the
La1−yBayF3−y electrolytes and increased with increasing temperature. At 150 ˚C a conductivity
of 2.8×10-4 S cm-1 was measured for the La0.9Ba0.1F2.9 electrolyte. At RT, the conductivity was
much lower in the range of 2×10-6 S cm-1 [186]. Nevertheless, La0.9Ba0.1F2.9 was chosen as a
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reasonable fluoride ion conductor for the electrochemical studies of fluoride ion batteries in this
thesis.
Different fluoride ion battery systems were studied as part of this PhD work. In all cases,
La0.9Ba0.1F2.9 was used as electrolyte, but different anode and cathode materials were tested. A
Bi composite cathode was used for initial studies of a half-cell. The cathode consisted of a
mixture of 30 wt% Bi (purity 99%), 60 wt% of the tysonite-type La0.9Ba0.1F2.9 electrolyte, and
10 wt% carbon black, all ball milled together for 12 h. The addition of the electrolyte and carbon
to the electrode was necessary to ensure both ionic and electronic conductivity as the pure metal
fluorides are insulators and poor ion conductors.
For the case of full cells, two different cathodes were prepared for two different battery
systems. One composite cathode was prepared from a mixture of 90 wt% Cu nanoparticles
(purity 99.9%) and 10 wt% carbon black. For this, Cu and carbon black were mixed and
mechanically milled for 12 h. This cathode was used for the in situ studies.
The second composite cathode was prepared from a mixture of CuF2, La0.9Ba0.1F2.9
electrolyte and carbon black by mechanical milling for 12 h. The weight ratio of the materials
was 30% CuF2, 60% tysonite-type La0.9Ba0.1F2.9 electrolyte, and 10% carbon black. This cathode
used for the ex situ studies.
Two different anodes were used for two different battery systems, a MgF2 composite
anode for the Cu/La0.9Ba0.1F2.9/MgF2 full battery and a pure metallic La sheet for the
CuF2/La0.9Ba0.1F2.9/La full battery. The MgF2 composite anode was prepared by ball milling a
mixture of 20 wt% Mg (99.6%), 20 wt% MgF2 (99.9%), 50 wt% La0.9Ba0.1F2.9 and 10 wt%
carbon black. This MgF2 composite anode was prepared in the discharged state by adding MgF2
to the Mg metal to avoid rapid degradation of its performance as Mg is sensitive to surface
oxidation [82]. Moreover, more reactive interfaces can be obtained by mixing the discharge
and charge products in one electrode [187].

3.3 Cell assembly
The electrochemical cells were assembled by compacting the powders for anode,
electrolyte and cathode. For bulk measurements, the electrolyte thickness is typically around
750 μm and the cells are compacted using a hand-press. The resulting battery pellets have a
diameter of 7 mm and a thickness of approx. 2 mm (Figure 3.1a). These samples were used for
the ex situ TEM analysis. For in situ TEM investigations, the battery setup has to be sufficiently
small to enable FIB cross-section preparation covering anode/electrolyte/cathode within one
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TEM lamella. Therefore, the thickness of the electrolyte has been reduced significantly to
around 20-30 μm for these battery samples (Figure 3.1b). Furthermore, the high porosity, which
is advantageous in the bulk batteries to allow for the volumetric changes of the electrode during
cycling, is problematic when preparing thin TEM lamella. In order to ensure proper electrical
contacts and mechanical stability of the electron transparent regions of the TEM sample, the
battery pellets were further compacted at high pressure of 2-5 GPa for ~5 min using an 8 mm
die in a custom-built computer controlled high pressure torsion (HPT) device (W. Klement
GmbH, Lang, Austria) without applying any torsion. This resulted in a dense battery system
with a total thickness of approx. 1 mm. From this pellet, the micron-sized battery for in situ
testing was prepared as a cross-section across the electrodes.

Figure 3.1: Schematic of the pellet used as electrochemical cell for (a) ex situ studies, (b) in situ studies.

3.4 FIB fabrication of micron-sized battery systems
Fabrication of a micron-sized battery from an all-solid-state battery is possible using FIB
techniques. The micro battery is first cut by FIB as a cross-section from the bulk battery. This is
then fixed on an electrical MEMS device [188] with electrical contacts on a SiN membrane.
Finally, the micron-sized battery is contacted by local Pt-deposition between the electrical
contacts and the anode/cathode to enable electrochemical cycling. The details of the fabrication
process using a FEI Strata 400S Dual Beam FIB system equipped with Omniprobe 200
micromanipulator and a flip stage (Figure 3.2) are explained in the following.
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Figure 3.2: FEI Strata 400S Dual Beam FIB.

3.4.1 FIB cross-section preparation
Large TEM lamellae with dimensions of approx. 70×35×10 μm were milled
incorporating all interfaces (anode-electrolyte and electrolyte-cathode in case of the full cell
and cathode-electrolyte in case of the half-cell) using conventional FIB TEM lamella preparation
methods [179, 189, 190]. The preparation was initially performed at 30 kV with an ion beam
current of 20 nA, followed by cleaning using an ion beam current of 6.5 nA (Figure 3.3a, b).
Because of the large dimensions of the lamella, the preparation of the sample for lift-out took
around 10h. The milled battery lamella was then mounted on a Cu lift-out grid on a flip stage
using an Omniprobe 200 system (Figure 3.3c). The areas of interest around the interfaces were
thinned to about 100 nm thickness (Figure 3.3d). The final thinning steps were performed at
5 kV with an ion beam current of 0.15 nA.
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Figure 3.3: Cross-sectional TEM lamella preparation by in situ lift-out: (a) milling trenches around the
area of interest; (b) cutting the area of interest free for lift-out; (c) micron-sized battery on the Cu
support, and (d) thinning TEM transparent section at the areas of interest.

3.4.2 Mounting and electrical contacting of the micron-sized battery
To characterize the structural and chemical modifications of the thinned area of interest
using in situ TEM, the micron-sized battery was mounted on a MEMS device (Protochips
E-AEK11). The MEMS device has to be modified before mounting the micron-sized battery. To
ensure proper contacts between the MEMS device and the battery electrodes even if the sample
is slightly tilted, two Pt columns with dimensions of approx. 1.5×1.5×4 μm were deposited on
the electrical contacts of the MEMS device using ion beam induced deposition (IBID)
(Figure 3.4a). The IBID parameters were 30 kV acceleration voltage, 48 pA current and 200 ns
dwell time. The distance between these two columns should be slightly more than the length
of the micron-sized battery itself, so that the micron-sized battery can be mounted in between
(Figure 3.4b & Figure 3.5b). In addition, to prevent the metal deposition around the two
columns (bright halos around the two columns, Figure 3.4a) that can create a short circuit, the
SiN membrane between the contacts was removed (Figure 3.4b) [191].
For mounting the micron-sized battery, the flip stage was initially tilted to 90˚ allowing
the micron-sized battery to come parallel to the MEMS device. Subsequently, the Omniprobe
micromanipulator was used to transfer the micron-sized battery to the MEMS device
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(Figure 3.5a). Finally, the micron-sized battery was contacted by local Pt-deposition between
the electrical contacts of the MEMS device and the electrodes (cathode & anode) of the cell to
enable electrochemical biasing for in situ TEM (Figure 3.4b & Figure 3.5b).

Figure 3.4: (a) Two Pt columns deposited on MEMS for supporting, and (b) lamella after mounting.

Figure 3.5: The lamella (a) on the micromanipulator before mounting, and (b) after mounting on MEMS
device.

3.5 Electrochemical measurements
The group of Prof. Maximilian Fichtner performed the ex situ electrochemical studies.
Preparation of the electrode materials and the subsequent construction of the electrochemical
cell were done inside an argon-filled glove box. The full battery in form of a pellet was
introduced in a modified Swagelok-type cell designed to perform the electrochemical studies at
a high temperature. To enhance the ionic conductivity of the electrolyte, the cells were heated
to a working temperature of 150 ˚C using a temperature programmed band heater for cycling
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experiments. A multichannel battery tester Arbin BT 2000 was used to perform galvanostatic
charge and discharge studies. The density of the applied current for charging of the
Cu/La0.9Ba0.1F2.9/MgF2 full cell was +4 mA g-1 (10 mA cm-2) until a cut off potential of 3.5 V,
and after that -4 mA g-1 for discharging until 1.5 V [192]. For the CuF2/La0.9Ba0.1F2.9/La full cell,
the applied current density for discharging was -4 mA g-1 (10 mA cm-2) until 1 V cut off
potential, and then +4 mA g-1 for charging until 3.5 V. As the weight of the active material in
the anode was in excess compared to the cathode, the cell capacity was calculated based on the
weight of active material in the cathode.
Cyclic voltammetry has been used to charge and discharge the micron-sized fluoride ion
batteries inside the TEM. For that, the MEMS devices with the micron-sized battery described
in section 3.4 were mounted in a Protochips Aduro electrical TEM holder (Figure 3.6). The
cycling was performed inside an aberration corrected FEI Titan 80-300 TEM using a
Keithley 2611A source meter. The cathode half-cell (Bi composite/La0.9Ba0.1F2.9) was charged
from 0 V to 3 V in 1 h (0.833 mV/s scan rate), and the voltage held at 3 V for 15 min for TEM
analysis. Afterwards, the cathode half-cell was discharged to 0 V in 1 h. The full
Cu/La0.9Ba0.1F2.9/MgF2 battery was charged from 0 V to 3.5 V in 2 h with a scan rate of
0.486 mV/s. After charging, the structural and chemical modifications of the cathode,
electrolyte, and anode were characterized using BF-TEM, SAED and STEM by holding the
voltage at 3.5 V for 30 min. Then the system discharged to 0 V in 2 h.

Figure 3.6: Keithley 2611A power supply and components/details of the Aduro electrical TEM sample
holder.
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4 Optimized sample preparation
4.1 Introduction
An ideal model system for in situ TEM battery studies is insensitive to air/moisture and
the electron beam, enabling to study only the dynamic processes due to the electrochemical
cycling without having to worry about environmental artefacts. The recently developed fluoride
ion battery [48] has been shown to be such a model system, where the individual components
are not particularly air sensitive and are mostly stable under the electron beam. Therefore, a
micron-sized all-solid-state fluoride ion cell can be fabricated using FIB techniques with a
geometry close to the bulk cell compared to the more typical in situ TEM setups based on
individual nanowires contacted by an ionic liquid [100, 193–198].
However, preparation of samples for in situ biasing experiments is challenging because
of the required geometry with electron transparent areas for the analysis while maintaining
good electrical contacts without short circuits. In this chapter, we discuss these challenges and
solutions for the preparation of micron-sized all-solid-state batteries using FIB techniques.

4.2 Challenges and solutions
The basic sample preparation steps are explained in more detail in chapter 3 for a cell
in pellet form consisting of cathode, anode and solid electrolyte. The thickness of the solid
electrolyte was chosen to be around 20-30 μm to prevent local short circuits (Figure 4.1).
Initially, a battery section with dimensions of approx. 70×35×10 μm was milled by FIB from
the bulk battery using conventional FIB TEM lamella preparation methods [179, 189, 190]
(Figure 4.2 & Figure 4.3). Subsequently, the micron-sized battery was mounted on a MEMS
device with electrical contacts on a SiN membrane [188]. Finally, local Pt-deposition was used
to contact the anode/cathode materials to enable electrochemical biasing.
During the various stages of the sample preparation, several challenges arise due to,
e.g., the porous nature of the pellets, the contamination during metal deposition, the contact
resistance, the leakage currents and the roughness/smoothness of the different interfaces.
Addressing these aspects is pivotal for the success of an in situ biasing experiment and are
discussed in detail for the electrochemical biasing studies on the fluoride battery.
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Figure 4.1: Schematic of the all-solid-state battery and FIB preparation of a cross-section.

Figure 4.2: Battery lamella on the copper TEM grid, (a) side view after deposition the two Pt-protection
walls, (b) top view after initial thinning.

Figure 4.3: (a) SEM image of the full micron-sized battery mounted on an electrical MEMS device, (b, c)
STEM images of the thin areas at the electrolyte-cathode and anode-electrolyte interfaces, respectively.
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4.2.1 Porosity of the battery materials
In general, in bulk batteries, the composite components for anode and cathode require
an optimum porosity to allow for volumetric changes during electrochemical cycling. However,
for in situ TEM measurements, which require a thin lamella, porosity poses a huge problem
affecting both the mechanical stability and the connectivity in the thin electron transparent
region of the battery. Therefore, a compromise between porosity and mechanical
stability/conductivity of the battery is required for successful in situ TEM studies. To reduce the
porosity compared to typical bulk batteries, the initially assembled and hand-pressed
powder-based batteries were further compacted at a pressure of ~5 GPa for ~5 min to produce
a stable, fairly dense battery with good contact between neighbouring grains as well as between
the electrodes and electrolyte (Figure 4.4).

Figure 4.4: (a) pores and cracks visible during lifting-out and thinning of a TEM lamella from a porous
battery, (b) lamella prepared after pressing at of ~5 GPa for ~5 min.

4.2.2 Contamination due to metal deposition
Contamination of the battery lamella during electrical contacting by Pt (or also W)
deposition is a major problem during FIB preparation [191, 199]. Figure 4.5(a-d) shows the
deposition of Pt and W ‘wires’ with nominal dimensions of 25 μm (length) × 1 μm (width) ×
1 μm (height) using ion beam induced deposition (IBID) and electron beam induced deposition
(EDID) inside the FIB. Both the Pt and the W wires were deposited using the following
parameters: current 1.6 nA, acceleration voltage 5 kV and dwell time 1.4 ms (EBID) and current
46 pA, acceleration voltage 30 kV and dwell time 200 ns (IBID). In addition to the predefined
areas for the wire, deposition outside the wire is visible as bright halos. For both the Pt and the
W-deposition, the contamination area around the wires was smaller for EBID (~1 μm)
compared to IBID (~17 μm Pt, ~3.5 μm W). This slight contamination is not critical for
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conventional TEM sample preparation; but for the in situ sample preparation, the metal
deposition might create an electrical contact between the electrodes resulting in a short circuit
of the micron-sized battery. The probability of this to happen is much higher, if the size of the
battery is small. Preventing this is a prerequisite to obtain a functional battery. Consequently, a
MEMS device (Protochips E-AEK11) with a wide separation of 50 μm between the Pt contacts
has to be used (Figure 4.6).
As an additional approach to reduce the metal contamination during electrical
contacting of the battery, two Pt-protection walls were deposited on the cathode and the anode
before performing the initial thinning. This should reduce the flow across the active area of the
battery and thus contamination and re-deposition. The Pt-protection walls were deposited
vertically on the lamella (Figure 4.2a) and are about 300 nm wide and 7 μm high. After the
deposition of the Pt-protection walls, the area between the two Pt-protection walls was cleaned
using the Ga ion beam to remove metal deposition on the entire battery. This was done before
thinning the area of interest at the interfaces between the electrodes (Figure 4.2b). With this
process, we reduce metal contamination and re-deposition during the later sample preparation
stages. Despite the large distance, in a few cases problems with short circuits were present
without the Pt-protection walls. In addition, removing the SiN membrane between the contacts
also helped to reduce contamination by allowing free gas flow from the gas injection system
(GIS) around the sample [191], Figure 4.7.

Figure 4.5: (a) Pt deposited by e-beam, (b) Pt deposited by ion beam, (c) W deposited by e-beam, (d) W
deposited by ion beam.

64

Figure 4.6: SEM image of the new MEMS device with a 50 μm wide separation between Pt contacts.

Figure 4.7: SEM image of the MEMS device after removing the SiN membrane between the contacts.

4.2.3 Contact resistance
The conductivity of the metal contacts has to be sufficiently high to prevent significant
losses at the contacts during the charging/discharging process of the micro battery. Therefore,
it is important to know the resistivity of the metal used for contacting. The aforementioned Pt
and W structures deposited by IBID and EBID were used to measure and compare the resistivity
of the resulting metal wires (Figure 4.8). A Keithley 2611A power supply with a Protochips
Aduro 200 in situ electrical TEM sample holder was used running a voltage sweep of
100/150 mV and measuring the corresponding current. The resistance of Pt deposited by EBID
is 6 orders of magnitude higher compared to that deposited by IBID (1.88 MΩ and 156 Ω,
Figure 4.8a, b). A similar difference was observed for W, where the resistance was 0.135 MΩ
and 95 Ω for EBID and IBID respectively (Figure 4.8c, d).
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Figure 4.8: I-V curves and the resistivity for (a) Pt deposited by e-beam, (b) Pt deposited by ion beam,
(c) W deposited by e-beam, (d) W deposited by ion beam.

Based on the nominal wire geometry, the resistivity of deposited Pt is calculated to be
7.5×10-2 Ω.m (EBID) and 6.2×10-6 Ω.m (IBID), in agreement with previously reported results
[200–207]. The resistivity of the deposited W is 5.4×10-3 Ω.m (EBID) and 3.8×10-6 Ω.m (IBID),
also in agreement with previously reported results [200, 208–213]. The resistance difference
between the IBID and EBID techniques can be partially attributed to differences in the carbon
content incorporated from the precursor system into the wires in addition to some gallium
incorporation [214–218]. Other potential effects that influence the conductivity are the density
(the

IBID

wires

are

denser

than

those

deposited

by

EBID

[219]),

and

the

cross-linkage/carbonization level of the residual carbon. However, it is expected that the high
carbon content is the main factor changing the wire structure from a percolating Pt or W
network to isolated metal nanoparticles, so that the conductivity switches from a metallic
conductivity to a ‘hopping’ process [220, 221].
Based on SEM-EDX analysis (Figure 4.9a-d), the Pt-IBID wire consists of ~64 at% Pt
and ~36 at% Ga with carbon below the detection limit (ignoring Al & Si from the substrate),
while the Pt-EBID wire consists of ~36 at% Pt and ~64 at% C. The Pt content reported in this
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thesis is higher than values reported previously by other authors [207, 215, 222]. As the
electrical and structural properties of the IBID or EBID deposited wires depend on a number of
factors such as beam current and energy [223, 224], scanning conditions [225, 226], vacuum
conditions [227] and the precursor compound [227], it is not surprising that the composition
varies somewhat between different setups. For the W-IBID wire we measured ~44 at% W,
~18 at% Ga and ~38 at% O with carbon below the detection limit, while the W-EBID wire
consists of ~23 at% W, ~33 at% C and ~43 at% O. The oxygen content in the W wires can be
attributed either to the residual gas in the vacuum system [214], insufficient decomposition of
the W(CO)6 precursor [216], or oxidation when removing the test structure from the FIB.

Figure 4.9: EDX of (a) Pt-IBID, (b) Pt-EBID, (c) W-IBID, (d) W-EBID.
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In order to contact the lamella to the MEMS device, two Pt contacts with dimensions of
5 μm (length) × 2 μm (width) × 1 μm (height) were used. The resistance of two contacting
Pt-EBID wires would be 375 kΩ, while it is only 31 Ω in the case of Pt-IBID. This resistance from
the Pt-IBID structure is negligible compared to the resistance of the whole micron-sized battery
(~1 MΩ), whereas the Pt-EBID wires would have added noticeably to the resistivity. Therefore,
we used IBID for contacting the sample, even though the metal contamination area is larger.

4.2.4 Leakage current
Any leakage current through the MEMS device leads to a higher charging current and a
gradual loss of energy stored in the charged battery and thus to a faster discharge than expected.
This leads to varying results of charging currents in the in situ experiments. Therefore, it is
important to have low leakage currents, especially for characterizing the charged state where it
provides more time to perform an in depth TEM characterization. The I-V curves of the standard
MEMS (Protochips E-AEL11) devices and the new high resistance MEMS (Protochips E-AEK11)
devices have been acquired using blank devices mounted in the Aduro TEM holder at a vacuum
level of 10-7 mbar. A Keithley 2611A source meter and the Keithley control software has been
used to perform voltage sweeps between -5 V and 5 V. The standard MEMS devices from
Protochips have resistances of ~30 MΩ (Figure 4.10a), while the new high resistance MEMS
devices have a resistance of ~1.5 GΩ leading to leakage currents of ~1.75 nA at 3 V
(Figure 4.10b). When calculating the charge stored in the fully charged state based on the
theoretical specific capacity and the weight of limiting active material (Cu/CuF2 for the full cell)
this is around 44 μC. Thus, the leakage current would discharge the battery in only ~13 min in
case of the standard MEMS devices, while it would take around 6 h in case of the new high
resistance MEMS devices.
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Figure 4.10: (a) I-V curve of the conventional electrical MEMS device, (b) I-V curve of the electrical
MEMS device with high resistivity.

4.2.5 Interfaces roughness
The preparation of a battery pellet from powders by simple mechanical pressing of the
electrode and electrolyte materials typically results in a fairly high interface roughness. The
roughness of the interfaces is critical for the micron-sized battery with a thin electrolyte layer,
resulting in local thickness variations (Figure 4.11a-d). The electrolyte thickness extends from
a few microns to tens of microns. In contrast, for the typical bulk battery pellets with an
electrolyte thickness of 700-800 μm, this difference is negligible.

Figure 4.11: (a-d) SEM images of different micron-sized batteries prepared from the same battery pellet.

69

The reduction of the electrolyte thickness reduces its resistance, so the variation in the
electrolyte thickness from one area to another, leads to a variation of the current density. As a
result, some areas of the electrodes undergo faster charging/discharging than the other areas,
which will ultimately lead to cell failure. Moreover, rapid self-discharge will occur in places
where the electrolyte thickness is reduced to the nanometre scale [228], ultimately leading to
a short circuit without electrolyte.

4.3 Electron beam effects on the micron-sized battery
Before performing the sample preparation for the in situ studies, the as-prepared
components of the fluoride ion battery and ex situ cycled fluoride ion batteries were investigated
to study the effect of the electron beam on the material. The results confirmed that the fluoride
ion battery materials are stable under normal operation conditions, so that standard TEM
techniques can be used for imaging and analytical TEM of the fluoride ion battery components.
In addition, the effect of the electron beam current on the measured current in the
electrochemical circuit was measured by positioning the electron beam in the TEM on the
electron transparent thinned areas, the thick areas and the Pt contacts of the MEMS (Protochips
E-AEK11) device. For these measurements, a DC voltage between 0 and 180 mV was applied to
the micron-sized battery and the corresponding areas illuminated by an electron beam with a
current of 9.16 nA. The thickness of the thin and thick areas was approx. 100 nm and 6 μm,
while the thickness of the Pt contacts was around 4 μm. The measured current of the electron
beam adding to the charging was approx. 0.5 nA, 1-2 nA and 1-1.5 nA on the electron
transparent area, the thick area and the Pt contacts, respectively. These currents are negligible
compared to the operating currents of the fluoride ion battery.
All of the above indicates that the all-solid-state fluoride battery is a suitable system for
demonstration of in situ TEM electrochemical measurements.
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5 In situ TEM studies of fluoride ion batteries
5.1 Introduction
Two

fluoride

ion

battery

systems,

a

Bi/La0.9Ba0.1F2.9

half-cell

and

a

Cu/La0.9Ba0.1F2.9/MgF2 full cell, are investigated here to study the processes during
electrochemical cycling by fluoride ion transfer through the La0.9Ba0.1F2.9 solid-state electrolyte
inside the TEM in detail. The optimized preparation of the required micron-sized battery lamella
is described in detail in chapters 3 & 4. The in situ electrochemical measurements were
performed inside an aberration corrected FEI Titan 80-300 transmission electron microscope
with an Aduro single tilt sample holder and a Keithley 2611A source meter. The structural and
chemical modifications of the electrodes before, during and after cycling were characterized
using TEM, STEM, SAED, and EDX to understand the structural changes and relate them to the
electrochemical performance of the fluoride ion battery.

5.2 In situ TEM study of a Bi/La0.9Ba0.1F2.9 half-cell
5.2.1 Electrochemical study
The cathode half-cell consisted of La0.9Ba0.1F2.9 as electrolyte and a Bi composite
(Bi/La0. 9Ba0.1F2.9/C) as a cathode. Figure 5-1 shows the SEM/STEM images of the micron-sized
half-cell battery contacted on the MEMS device.
The working principle of this half-cell fluoride ion battery is based on a reduction of
La0.9Ba0.1F2.9, which is acting both as anode and electrolyte (metal fluoride) and oxidation of
the discharged Bi cathode (metal) via transport of fluoride ions through the electrolyte. Bi is
oxidized forming BiF3 during charging, releasing three electrons that provide the current for
reducing some of the La0.9Ba0.1F2.9 in the electrolyte to form metallic La and Ba, releasing the
fluoride ions. The released fluoride ions are transported to the electrode, closing the circuit of
the cell. The conversion reactions during charging are:
Bi

3F

10 La

.

Ba

→ BiF
.

F

.

3e
29 e

→ 9 La

Ba

29 F

(at the cathode)

5.1

(at the electrolyte)

5.2

During discharging, the conversions reactions are:
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Figure 5-1: (a) SEM image of the micron-sized half-cell mounted on the MEMS device, (b) STEM image
of the thin area at the cathode-electrolyte interface.

Cyclic voltammetry has been used to charge and discharge the cathode half-cell. For
charging a voltage sweep starting from 0 V to 3 V over 1 h (0.833 mV/s scan rate) has been
applied. The voltage was held for 15 min at 3 V to enable more detailed TEM investigations.
Afterwards, discharging was performed by applying a voltage sweep from 3 V to 0 V over 1 h.
All in situ CV measurements were performed at RT. Figure 5-2 shows the cell voltage plotted
against the current for the first charge/discharge. During charging, as the voltage sweep starts
a current is beginning to flow, which starts to increase significantly around 2.1 V and reaches a
maximum at 2.33 V. This peak has been attributed to the formation of BiOxF3-2x by fluorination
of Bi2O3 and Bi [192]. Above 2.4 V, the current dropped and then increased again reaching a
second maximum at 2.85 V with some fluctuations. This can be attributed to the oxidation of
bismuth forming bismuth fluoride (BiF3). However, that potential is slightly higher than the
theoretical potential value 2.687 V of the Bi/BiF3 redox couple vs. La/LaF3, indicating a slight
overpotential. Similar potentials were observed in the ex situ study of Bi/La0.9Ba0.1F2.9/CeF3 full
battery system using the same composite cathode [192] (the reduction potentials of La3+ and
Ce3+ are very similar with -2.379 V and -2.336 V). After holding the voltage, discharging was
not working properly in the half-cell as no reduction peaks could be observed. Instead, only a
straight line dominated by leakage currents is observed. During discharge, only the BiF3 can be
converted back into Bi metal, while the formation of BiO0.1F2.8 is irreversible. This could explain
the absence of reduction peaks during discharge, where the main phase formed during charge
was BiO0.1F2.8.
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Figure 5-2: Cyclic voltammetry curve of Bi/La0.9Ba0.1F2.9 half-cell.

5.2.2 Selected area electron diffraction analysis
The SAED patterns of the as-prepared electrolyte, after charging and after discharging
are shown in Figure 5-3 (a-c). The profiles of the SAED patterns compared to the XRD for the
as-prepared electrolyte and the references for LaF3, LaOF, and La are shown in Figure 5-3d. The
intensities of the SAED profiles were normalized using the peak at 4.86 nm-1.
The overlap between the strong peak of the different reference patterns and the broad
signals make a discrimination of the phases after charging and discharging difficult. However,
the intensity of the strongest LaF3 reflection (-121) is reduced after charging, and mostly
recovering after discharging, indicating a (partially) reversible conversion reaction of LaF3
(equation 5.4). The intensity of the LaF3 (002) and the LaF3 (-120) reflections are decreased
after charging and even further after discharging, while the intensities of La (011) and La (110)
reflections are increased. This would fit to a reduction of the LaF3 to form metallic La
(equation 5.2). In addition to the electrochemical reduction of the electrolyte, the electron beam
could also contribute to the reduction of LaF3 to form metallic La [153, 154, 158], as explained
in chapter 2, interpreting the increased intensity of the La (011) and La (110) reflections and
decreased intensity of the LaF3 (002) and the LaF3 (-120) reflections after discharging.
Furthermore, the signal at 3.05 nm-1 is split after charging. This is presumably the result of the
decreasing intensity of the LaF3 (-121) reflection and the presence of LaOF (011) in the
electrolyte. EDX analysis of the electrolyte powder (Figure 5-4) indicates a significant amount
of oxygen in the as-prepared material, which probably stems from the sample preparation,
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where the electrolyte has been prepared by ball milling in air. With the partial reduction of the
La0.9Ba0.1F2.9 during charging, the signal of the oxyfluoride becomes more dominant in the
powder pattern. After discharging, the relative intensity of the LaOF (011) peak increased
indicating the formation of additional LaOF as also seen in the ex situ studies described in
chapter 6. The LaF3 also partially reformed explaining why the (-121) reflection recovered and,
hence, the splitting mostly disappeared.
Figure 5-5 (a-c) shows the SAED patterns of the Bi composite cathode before cycling,
after charging and after discharging together with the profiles of the SAED patterns compared
to the XRD of the as-prepared electrolyte and the references for Bi, Bi2O3, BiF3, BiO0.1F2.8, LaOF,
and La (Figure 5-5d). The SAED pattern of the cathode before cycling (Figure 5-5a) is in
agreement with a polycrystalline material consisting of La0.9Ba0.1F2.9 and Bi metal. However, a
detailed analysis of the different materials present is difficult, because of the strong peak overlap
of the materials and the broad signals. However, the as-prepared cathode exhibits unique
reflections at 4.27 nm-1 (-114), 4.43 nm-1 (-120) and 6.13 nm-1 (024) for metallic Bi only
overlapped by some weaker Bi2O3 reflections, which mostly disappear after charging, indicating
a high conversion of Bi and Bi2O3 forming BiF3 and BiO0.1F2.8. The formation of BiF3 after
charging can be seen from the SAED profiles (Figure 5-5d), where the charged cathode exhibits
unique reflections for BiF3 at 3.81 nm-1 (121) and 6.23 nm-1 (141). This indicates that the
fluorination of metallic Bi during in situ TEM charging of the battery was successful as described
in equitation 5.1 and additional oxyfluoride formation. After the discharging, the intensity of
these unique BiF3 reflections is reduced, indicating a partially reversible behavior of this fluoride
ion battery even though no proper discharging could be seen in the CV measurements.
Moreover, the SAED profiles (Figure 5-5d) reveal increasing of intensities of the two broad
peaks around 4.9 nm-1 and 5.7 nm-1 after charging. These two peaks correspond to reflections
of LaOF and BiO0.1F2.8 in addition to reflections of the electrolyte. These reflections are
4.87 nm-1 (112) and 5.73 nm-1 (121) for LaOF, and 4.9 nm-1 (-120), 4.98 nm-1 (013),
5.6 nm-1 (-122), and 5.83 nm-1 (021) for BiO0.1F2.8. The intensities of these two broad peaks
only slightly decrease after discharging, indicating that the LaOF and BiO0.1F2.8 formations are
non-reversible. Furthermore, the single diffraction peak at 3.05 nm-1 in the as-prepared state is
split after charging. This signal is presumably a combination of LaF3 (-121), Bi2O3 (211),
LaOF (011), BiO0.1F2.8 (011) and BiF3 (111). After charging, the intensities of the LaF3 (-121)
and Bi2O3 (211) reflections are decreased, while the intensities of the BiF3 (111) and
LaOF (011) are increased indicating local reactions in the Bi composite. After discharging, the
peak splitting disappeared and the single peak is partially recovered.
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Figure 5-3: SAED pattern of (a) as-prepared electrolyte, (b) electrolyte after charging, (c) electrolyte
after discharging, and (d) profiles of the SAED patterns compared to the XRD powder pattern of the asprepared electrolyte and calculated patterns based on the single crystal structures of LaF3, LaOF, and La.

Figure 5-4: EDX analysis of the as-prepared electrolyte powder.
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Figure 5-5: SAED pattern of (a) as-prepared cathode, (b) cathode after charging, (c) cathode after
discharging, and (d) profiles of the SAED patterns compared to the XRD powder pattern of the
as-prepared electrolyte and calculated patterns based on the single crystal structures of Bi, Bi2O3, BiF3,
BiO0.1F2.8, La, and LaOF.

5.2.3 Bright field and high resolution transmission electron microscopy analysis
BF-TEM and HRTEM images have been used to characterize the morphology and crystal
structure of the cathode and the electrolyte. BF-TEM and HRTEM images of the as-prepared
cathode (Figure 5-6) reveal a nanocrystalline structure of the cathode. Crystallites in the range
of 5-35 nm are observed in good agreement with a previous work by C. Rongeat et. al. [192].
A small particle size and fine mixture of the electrode materials is essential for the
electrochemical performance of the battery as a high contact area and good ion and electron
diffusion pathways are required for fast and complete conversion reactions [229–232].
Figure 5-6b shows a HRTEM image of a Bi nanoparticle in the composite cathode before cycling
identified by the corresponding fast Fourier transform (FFT). The lattice spacings are in good
agreement with the hexagonal phase of bismuth (a=b=4.548 Å, c=11.852 Å, α=β=90.0,
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γ=120.0) [ICSD-53797]. In addition to Bi metal, the presence of bismuth oxide (Bi2O3) in the
bismuth composite cathode before cycling is confirmed by HRTEM (Figure 5-6c). The lattice
spacings of the Bi2O3 particle calculated from FFT are in good agreement with the orthorhombic
phase of bismuth oxide (a=12.732 Å, b=4.955 Å, c=5.582 Å, α=β=γ=90.0) [ICSD-261777].
Table 5-1 contains the measured lattice spacings for metallic Bi and Bi2O3 compared to the
reference structures.
Figure 5-7 shows a BF- and HRTEM images of the composite cathode after charging.
The HRTEM images confirm the presence of both BiF3 and BiO0.1F2.8 phases. The lattice spacings
of BiF3 measured from the corresponding FFT match well with the orthorhombic phase of
bismuth fluoride (a=6.5614 Å, b=7.0153 Å, c=4.8414 Å, α=β=γ=90.0) [ICSD-1269]. This
confirms fluorination of the Bi metal electrode to form BiF3 in the cathode during charging.
While the lattice spacings of the BiO0.1F2.8 phase are in good agreement with the hexagonal
phase of bismuth oxyfluoride (a=b=4.083 Å, c=7.323 Å, α=β=90.0, γ=120.0) [ICSD-24056].
This emphasizes the fluorination of the bismuth oxide forming the BiO0.1F2.8 phase during
charging. Table 5-2 summarizes the measured lattice spacings for BiF3 and BiO0.1F2.8 compared
to the reference structures. HRTEM images and the corresponding FFTs of the as-prepared
electrolyte are shown in Figure 5-8 confirming a high crystallinity of the material. The lattice
spacings measured from the HRTEM image (Figure 5-8b) are close to the hexagonal LaF3 phase
(a=b=7.185 Å, c=7.351 Å, α=β=90.0, γ=120.0) [ICSD-35673], which was already identified
as the reference structure for the La0.9Ba0.1F2.9 by XRD of the bulk electrolyte [233]. Table 5-3
summarizes the measured lattice spacings for LaF3 compared to the reference structure.
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Figure 5-6: (a) Low magnification BF-TEM image of the as-prepared cathode, (b, c) HRTEM images of
as-prepared cathode showing the presence of Bi and Bi2O3 phases. The HRTEM images have been filtered
using the HRTEM-filter script (D. R. G. Mitchell, v2.0, Jan 14).

Table 5-1: Lattice spacings of the Bi & Bi2O3 references and the values measured from FFTs.
Lattice
plane

Bi reference
[Å]

Measured
d-spacings [Å]

Reference angles [˚]

Measured angles [˚]

1-102

3.28

3.27

(1-102) & (10-11)=55.27

(1-102) & (10-11)=54.7

10-11

3.74

3.75

(1-102) & (01-1-1)=124.73 (1-102) & (01-1-1)=124.2

01-1-1

3.74

3.75

(01-1-1) & (10-11)=69.46

(01-1-1) & (10-11)=69.5

Reference angles [˚]

Measured angles [˚]

Lattice
plane

78

Bi2O3
Measured
reference [Å] d-spacings [Å]

211

3.2

3.2

(211) & (-112)=44.91

(211) & (-112)=45.2

-112

2.39

2.4

(211) & (-301)=93.05

(211) & (-301)=92.5

-301

3.38

3.3

(-301) & (-112)=48.14

(-301) & (-112)=47.3

Figure 5-7: (a) Low magnification BF-TEM image of cathode after charging, (b, c) HRTEM images of
cathode after charging showing the formation of BiF3 & BiO0.1F2.8 phases. The HRTEM images have been
filtered using the HRTEM-filter script (D. R. G. Mitchell, v2.0, Jan 14).

Table 5-2: Lattice spacings of the BiF3 & BiO0.1F2.8 references and the values measured from FFTs.
Lattice
plane

BiF3 reference
Measured
[Å]
d-spacings [Å]

Reference angles [˚]

Measured angles [˚]

1-11

3.4

3.24

(1-11) & (020)=119.04

(1-11) & (020)=118.50

020

3.51

3.52

(1-11) & (111)=58.09

(1-11) & (111)=57.00

111

3.4

3.24

(111) & (020)=60.96

(111) & (020)=61.50

Reference angles [˚]

Measured angles [˚]

(0-111) & (0002)=64.23

(0-111) & (0002)=64.00

Lattice
plane

BiO0.1F2.8
Measured
reference [Å] d-spacings [Å]

0-111

3.18

3.2

0002

3.66

3.64

01-11

3.18

3.2

(0-111) & (01-11)=128.45 (0-111) & (01-11)=128.10
(01-11) & (0002)=64.23

(01-11) & (0002)=64.10
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Figure 5-8: HRTEM images and the corresponding FFTs of the as-prepared electrolyte. The image (b) has
been filtered using the HRTEM-filter script (D. R. G. Mitchell, v2.0, Jan 14).

Table 5-3: Lattice spacings of LaF3 and the values determined from HRTEM.
Lattice plane

LaF3 reference Measured
[Å]
d-spacings [Å]

Reference angles [˚]

Measured angles [˚]

11-21

3.23

3.21

(11-21) & (2-1-11)=53.39 (11-21) & (2-1-11)=53.5

2-1-11

3.23

3.21

(11-21) & (1-210)=116.69

1-210

3.59

3.55

(1-210) & (2-1-11)=63.31 (1-210) & (2-1-11)=63.5

(11-21) & (1-210)=117

5.2.4 Scanning transmission electron microscopy analysis
STEM images of the cathode of the half-cell before and after cycling are provided in
Figure 5-9. The STEM images reveal that the cathode and electrolyte are porous. The porosity
of the cathode is desirable for a good battery performance to compensate the volumetric
changes during fluorination. However, especially in our micron-sized thin batteries, the high
porosity is critical as it degrades the mechanical stability [234, 235] and the fluorination and
charging pathways between particles. Furthermore, the STEM images reveal inhomogeneities
of the cathode materials, where some areas consist of accumulated electrolyte particles whereas
other regions are dominated by a Bi/C mixture (Figure 5-9a). Therefore, the concentration of
active material varies from one area to another. This non-uniform distribution of the active
material leads to a non-uniform current distribution in the electrode parts that is expected to
enhance the internal stresses during charging/discharging.
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Figure 5-9: STEM images of the half-cell (a) before cycling and (b) after cycling.

The poor reversibility of the half-cell can be attributed to different factors. The main
reason is the presence of bismuth oxide in the composite cathode before charging that fluorinate
after charging to irreversibly form bismuth oxyfluoride phase (BiO0.1F2.8). Based on the
electrochemical charging curve, this irreversible phase is the main phase formed during
charging. Moreover, the reversibility of battery redox reactions depends on the ionic
conductivity. BiF3 has poor fluoride ion conductivity and is thus limiting further
charging/discharging, which is the reason why the electrolyte was mixed into the cathode.
Furthermore, the reduction of La0.9Ba0.1F2.9 leading to the formation of metallic La and Ba by
releasing fluoride will change the nanostructured La0.9Ba0.1F2.9 solid electrolyte. The limited
conductivity is further enhanced, as the measurement was done at RT where the fluoride ionic
conductivity of the electrolyte is very low (~2×10-6 S cm-1). Typically, this solid electrolyte is
used at a high temperature of 150 ˚C to increase its ionic conductivity to around
2.8×10-4 S cm-1 [48]. The bulk fluoride ion batteries are known not to operate at RT. The only
reason, why we have been able to properly charge and partially discharge the battery at all, are
the reduced dimensions of the battery, drastically reducing the migration length for the fluoride
ions during cycling. In addition to the partial reversibility, the fact that we do not see a
discharging current in the CV measurements is presumably related to short circuits in the system
leading to a self-discharge. Part of this is due to the limited resistivity of the devices and the
low charges accumulated in the miniaturized battery. This could be further enhanced by
electromigration of Pt from the two deposited electrical contacts toward the interface during
charging [236].

81

5.3 Study of a Cu/La0.9Ba0.1F2.9/MgF2 full cell
In addition to the half-cell experiments, in situ studies on a Cu/La0.9Ba0.1F2.9/MgF2 full
cell fluoride ion battery were performed in the TEM. The full cell is based on La0.9Ba0.1F2.9 as
electrolyte, Cu/C composite as a cathode, and a MgF2/Mg/La0.9Ba0.1F2.9/C composite as an
anode. Cu has been chosen as cathode material because of the high theoretical capacity of the
Cu/CuF2 couple (528 mAh g-1 [237]) and the high potential vs. Mg/MgF2 (2.71 V). The
composite anode was prepared with equal amounts (typically 20 wt%) of Mg and MgF2 ball
milled with 50 wt% of electrolyte and 10 wt% of carbon black. Even when stored under Ar, Mg
metal is sensitive to surface oxidation and hence, rapid performance degradation occurs when
used as anode [192]. Therefore, Mg as an anode for the fluoride ion battery was used in the
discharged state (MgF2) [192]. However, the poor reactivity and the low ionic conductivity of
MgF2 prevented its direct us as anode. Therefore, a mixture between Mg and MgF2 was used to
enhance the reactivity [238]. FIB was used to prepare a micron-sized battery from that system
as described in chapters 3 & 4. A SEM image of the micron-sized battery after contacting on the
MEMS device is shown in Figure 5-10.
The working principle of the Cu/La0.9Ba0.1F2.9/MgF2 fluoride ion battery is the oxidation
of the Cu cathode to CuF2 via transport of fluoride ions through the electrolyte from the MgF2
anode, which is reduced to form Mg metal. The oxidation of Cu to form CuF2 will release
electrons that travel via the external circuit to the anode.
The conversion reactions of Cu during charging are as follows:
Cathode reaction:

Cu

Anode reaction:

MgF

Cell:

Cu

2F

→ CuF
2e

MgF

2e

5.5

→ Mg

2F

5.6

→ CuF

Mg

5.7

While during discharging, the conversion reactions are as follows:
Cathode reaction:

CuF

Anode reaction:

Mg

Cell:

CuF
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2e
2F

→ Cu
→ MgF

Mg → Cu

2F

5.8

2e

5.9

MgF

5.10

Figure 5-10: SEM image of the micron-sized full cell mounted on the MEMS device.

5.3.1 Ex situ cycling of micron-sized full cell
Before performing the in situ TEM study, a micron-sized Cu/La0.9Ba0.1F2.9/MgF2 full cell
fluoride ion battery was studied ex situ. This cell was mounted on a Protochips MEMS device
and cycled ex situ under vacuum (~10-7 mbar) at RT. A Keithley 2611A source meter and the
Keithley control software has been used to charge the cell by applying a voltage sweep from
0 to 3.5 V over 4h (with 0.243 mV/s scan rate). Subsequently, the discharging was performed
by sweeping the voltage from 3.5 V to 0 V over 4 h. The cell voltage vs. current for the charging
and discharging is shown in Figure 5-11. During the voltage sweep, the current slowly increased
until it reached a first maximum around 2 V. This peak can be attributed to the formation of
copper (I) oxide [192], probably due to the oxygen detected in the electrolyte and electrodes
from the bulk sample preparation. A second maximum started from around 2.77 V and
continued to 3.5 V, which can be attributed to the copper (II) fluoride formation. This potential
is slightly higher than the theoretical potential of 2.71 V for the Cu/CuF2 redox couple vs.
Mg/MgF2. During discharging, the reverse reaction was observed until the battery failed at
2.85 V, thereafter, the I-V curve showed ohmic behaviour indicating a short circuit between
cathode and anode. However, as only the CuF2 can be converted back to metallic Cu, this
reaction is fairly complete, based on the measured conversion charge, while the Cu2O formation
is irreversible anyway [192].
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Figure 5-11: Ex situ cyclic voltammetry curves of Cu/La0.9Ba0.1F2.9/MgF2 full cell.

5.3.2 In situ TEM study of a Cu/La0.9Ba0.1F2.9/MgF2 full cell

5.3.2.1 Electrochemical study
Analogously to the Bi half-cell, the electrochemical measurement was performed by CV
at RT in situ inside the TEM using an Aduro single tilt sample holder and a Keithley 2611A
source meter. The Cu/La0.9Ba0.1F2.9/MgF2 full cell was charged by applying a voltage sweep from
0 V to 3.5 V over 2 h (0.27 mV/s scan rate). The voltage was held at 3.5 V over 30 min for TEM
investigation. Afterwards, discharging was performed by sweeping the voltage from 3.5 V to
0 V over 2 h. Using the same conditions, a second cycle was started.
The cell voltage vs. current for the first charging/discharging and the second charging
is shown in Figure 5-12. The basic redox steps observed during charging are comparable to the
ex situ investigation. However, unfortunately, the charging curve is on top of a strong
background current, due to a short circuit between cathode and anode, probably due to residual
contamination during FIB preparation. However, the two peaks in the charging curve indicate
that the electrochemical reaction is still occurring. During the holding period at 3.5 V, the
current initially slightly decreased and then suddenly jumped from ~33 μA to ~100 μA
indicating a stronger short circuit formed in the cell, which may be due to Pt migration from
the contacts [236]. Therefore, a strong self-discharge has to be expected during further cycling
of the battery.
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During discharging, the current is dominated by the short circuit, but a slight peak
around 2.7 V can be seen, indicating some driven discharging of the battery. During the second
charging, no characteristic CV peaks could be observed until the micron-sized battery fractured
at the cathode-electrolyte interface at a voltage where the electrochemical reaction should have
occurred again. The ohmic I-V curve could be due to the short circuit that has developed.
However, also in ex situ studies, the capacity faded very strongly from 390 mAh g-1 to only
33 mAh g-1 after the first discharge [192], suggesting a very limited reversibility and thus hardly
any recharging should be observed during the second cycle. Nevertheless, the fracture around
3.1-3.5 V suggests that some electrochemical reactions still occurred, presumably causing the
fracture because of volumetric expansion of the Cu during fluorination.

Figure 5-12: Plotted current vs. voltage and time for the first and second cycles of Cu/La0.9Ba0.1F2.9/MgF2
full cell.

5.3.2.2 STEM and SEM analysis
STEM images of the full cell before cycling, after the first cycle, and after failure during
the second cycle are given in Figure 5-13 and Figure 5-14. From the STEM images, one can see
that the Cu/C cathode contains nanocrystalline Cu surrounded by carbon black. The Cu
crystallite size is in the range of 40-250 nm. Comparing the STEM images of the cathode before
and after the 1st cycle reveals some coarsening of the Cu. In addition, the formation of voids in
the cathode is visible, to some extend after the first cycle, and more clearly after failure. In this
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area, the formation of CuF2 was confirmed by HRTEM as discussed in section 5.3.2.4. Finally,
a new phase can be seen as a bright line at the interface, identified as Mo enrichment at the
interface as discussed in section 5.3.2.3. In contrast, on the anode side, no significant changes
were observed in the thin area of the anode-electrolyte interface, Figure 5-14.

Figure 5-13: Electrolyte-cathode interface (a) as-prepared, (b) after 1st cycle, (c) after 2nd charging.

Figure 5-14: The thin area at anode-electrolyte interface (a) before cycling (b) after failure.

The morphological changes are more pronounced at the thick part of the cathode
(Figure 5-15c/f). The new phase at the interface is clearer compared to the thin area. Moreover,
the new phase and the Cu particles are slightly protruded out of the cathode due to the local
volume change during charging. The volumetric change in the cathode attributed to the
fluorination of Cu to form CuF2 [192] is also leading to fracture at the interfaces (Figure 5-15f).
The fracture is particularly noticeable in these in situ samples as the porosity was reduced
compared to batteries cycled ex situ, thus providing less free volume to compensate for the
volumetric changes.
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On the anode side, some volumetric changes are visible as small cracks in the
Mg/MgF2/La0.9Ba0.1F2.9/C composite and at the interfaces with the electrolyte (Figure 5-15a/d).
However, more noticeable, the surface of the cycled anode (Figure 5-15d) is remarkably
different from the pristine anode (Figure 5-15a). After cycling, the anode surface is covered by
small particles in agreement with previously reported ex situ results where “snowflake-like”
particles were formed on the anode surface [239]. It was found that these particles are MgF2
sticking out of the anode surface [239, 240]. The formation of these particles on the anode
surface has been suggested to be the result of the low ionic conductivity of the electrolyte,
leading to preferential fluoride migration on the surface [241]. If the MgF2 formation on the
anode surface is due to fast fluoride ion migration on the surface, this would significantly impact
the in situ TEM measurements, where the surface to volume ratio of the electron transparent
regions is extreme. In addition to the 20 times reduction of the electrode thickness compared
to the bulk battery, surface migration could partially explain why it is possible to cycle the
micron-sized fluoride ion battery at RT, whereas elevated temperatures are needed to increase
the conductivity sufficiently for the bulk battery. However, we did not observe any MgF2
formation on the surface of the electron transparent part of the battery (only on the thicker
part), which suggests that the formation of the MgF2 surface decoration requires a more
complex explanation.

Figure 5-15: SEM images of (a) thick area at anode-electrolyte interface before cycling, (b) full cell before
cycling, (c) thick area at electrolyte-cathode interface before cycling, (d) thick area at anode-electrolyte
interface after cycling, (e) full cell after cycling, (f) thick area at electrolyte-cathode interface after
cycling.
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5.3.2.3 STEM-EDX analysis
The STEM-EDX map of a cross-section of an as-prepared cathode-electrolyte interface is
shown in Figure 5-16. Even though the cathode consists of 90 wt% copper and 10 wt% carbon
black, the O-map reveals significant amounts of oxygen in the cathode. The origin of oxygen in
the cathode materials can be clearly attributed to the carbon black, whereas the copper particles
do not show significant oxidation. Small amounts of oxygen can also be observed in the
electrolyte, which more stable against oxidation. The La, Ba, and F-maps reveal the good
homogeneity of the electrolyte materials. Moreover, the interface between the cathode and
electrolyte has no Cu diffusion into the electrolyte. The STEM-EDX map of the
cathode-electrolyte interface after failure is shown in Figure 5-17. The migration of the fluoride
into the Cu/C cathode can be observed from the F distribution. Moreover, diffusion of Cu into
the electrolyte can also be seen. This diffusion is probably related to the strong volumetric
change accompanying the Cu/CuF2 reaction in combination with the porosity of the ball milled
electrolyte [192]. The local increase of volume during charging leads to the Cu diffusion into
the pores of the electrolyte to compensate this volume change.

Figure 5-16: STEM-EDX map of an as-prepared cross-section of the cathode-electrolyte interface.
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Figure 5-17: STEM-EDX map at cathode-electrolyte interface after failure.

From the thick part of the sample cycled in situ, a fresh thin area was prepared at the
cathode-electrolyte interface after cycling to investigate potential thickness effects during in situ
cycling. For this, the micron-sized battery was mounted on a molybdenum TEM grid in the FIB
and a fresh area cut close to the original area investigated (Figure 5-18). The morphological
changes observed in this thick part and in the thin area investigated in situ are comparable,
confirming that the sample thickness does not significantly influence the morphological changes
observed in situ even though surface effects might change the fluoride ion conductivity. A
STEM-EDX map from this area is shown in Figure 5-19. The fluoride migration into the Cu/C
cathode can be seen more clearly compared to the initially thinned area, which could be because
of the limited diffusion pathways in the thin part of the sample. Similar to the thin part, diffusion
of Cu into the electrolyte was also observed in the thick part of the sample. Moreover, the new
phase, which is formed at the interface and closer to it, can be clearly seen and it was confirmed
as copper fluoride by HRTEM. In addition to the effects of the volumetric changes associated
due to fluorination that could lead to Cu diffusion from the cathode into the electrolyte [242],
formation of Cu oxide may lead to an inhomogeneous distribution of the current density
through the cathode and hence, a localized overheating that favors voids formation.
Furthermore, the Mo-map reveals Mo contamination at the interface, where the new phase
formed, which could be a failure mode due to impurities.
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Figure 5-18: SEM images of the cycled micron-sized battery (a) after failure (b) after preparing a fresh
thin area at the cathode-electrolyte interface.

Figure 5-19: STEM-EDX map of the fresh thin area at the cathode-electrolyte interface.

5.3.2.4 TEM and HRTEM study
BF-TEM imaging is used to determine the particles size of Cu/C cathode and to
investigate the cathode-electrolyte interface before cycling (Figure 5-20a). The TEM images
reveal that the Cu/C cathode material consists of nanoparticles in the size range from
40-250 nm, while the electrolyte consists of denser and smaller nanoparticles. As discussed in
section 5.2.3, the small particle size in the electrodes is necessary for good electrochemical
performance. HRTEM image has been used to characterize the crystal structure of the cathode
materials. Figure 5-20b shows the HRTEM image and the corresponding FFT of cathode
material of the as-prepared cell. The HRTEM image confirm the crystallinity of the cathode and
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the presence of Cu. The lattice spacings of a Cu particle calculated from the FFT are in good
agreement with the tetragonal phase of copper metal (a=b=2.892 Å, c=2.708 Å,

α=β=γ=90.0) [ICSD-248435].
TEM and HRTEM images of the Cu/C cathode after cycling (after failure) and the
corresponding FFTs are shown in Figure 5-21(a, b, c), confirming the presence of CuF2 after
cycling. The measured lattice spacings fit well to the monoclinic phase of copper (II) fluoride
(a=3.309 Å, b=4.569 Å, c=5.362 Å, α=90.0, β=121.11, γ=90.0) [ICSD-9788]. In addition to
CuF2 formation, the presence of Cu2O is confirmed by HRTEM. The lattice spacings of the Cu2O
crystal are in good agreement with copper (I) oxide, which is a cubic phase (a=b=c=4.27 Å,

α=β=γ=90.0) [ICSD-173982]. Table 5-4 contains the measured lattice spacings for Cu, CuF2
and Cu2O compared to the reference structures.
Furthermore, TEM images of the cathode-electrolyte interface after failure are shown in
Figure 5-22(a, b, c). The images reveal the formation of spherical particles at the interface
(Figure 5-22a) in addition to amorphous carbon (Figure 5-22c). The formation of spherical
particles would fit the hypothesis that the localized overheating has occurred due to an
inhomogeneous current density in the cathode, as a result of Cu oxide and fluoride formation
and their inhomogeneous distribution within the conductive matrix. These spherical particles
were assumed to be copper (II) fluoride, but, the lattice spacings would also fit to MoO.

Figure 5-20: (a) TEM image of the cathode-electrolyte interface before cycling, (b) HRTEM image of the
cathode before cycling and the corresponding FFT. The HRTEM Image has been filtered using the
HRTEM-filter script (D. R. G. Mitchell, v2.0, Jan 14).
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Figure 5-21: HRTEM images of the cathode after cycling and the corresponding FFTs. The image (a) has
been filtered using the HRTEM-filter script (D. R. G. Mitchell, v2.0, Jan 14).

Figure 5-22: TEM and HRTEM images of cathode-electrolyte interface after failure.
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Table 5-4: Lattice spacings of the Cu, CuF2 and Cu2O references and the values measured from FFTs.
Lattice plane

Cu
Measured
reference [Å] d-spacings [Å]

Reference angles [˚]

Measured angles [˚]

100

2.89

2.87

(100) & (110)=45.00

(100) & (110)=44.80

110

2.05

2.06

(100) & (010)=90.00

(100) & (010)=90.30

010

2.89

2.87

(010) & (110)=45.00

(010) & (110)=45.50

Reference angles [˚]

Measured angles [˚]

Lattice plane

CuF2 reference
Measured
[Å]
d-spacings [Å]

020

2.28

2.24

(020) & (12-2)=42.01

(020) & (12-2)=42.7

12-2

1.68

1.7

(020) & (10-2)=90

(020) & (10-2)=90.2

10-2

2.54

2.5

(10-2) & (12-2)=47.99

(10-2) & (12-2)=47.5

Reference angles [˚]

Measured angles [˚]

Lattice plane

CuF2 reference
Measured
[Å]
d-spacings [Å]

010

4.57

4.5

(010) & (11-1)=54.27

(010) & (11-1)=54.7

11-1

2.67

2.56

(010) & (10-1)=90

(010) & (10-1)=89.9

10-1

3.28

3.16

(10-1) & (11-1)=35.73

(10-1) & (11-1)=35.2

Reference angles [˚]

Measured angles [˚]

Lattice plane

Cu2O reference
Measured
[Å]
d-spacings [Å]

11-1

2.46

2.46

(11-1) & (001)=125.26 (11-1) & (001)=125.20

001

4.27

4.2

(11-1) & (111)=70.53

(11-1) & (111)=70.50

111

2.46

2.43

(111) & (001)=54.74

(111) & (001)=54.70

5.3.3 Discussion
The micron-sized fluoride ion batteries were prepared using a FIB system from
Cu/La0.9Ba0.1F2.9/MgF2 full cell to study the electrochemical cycling in situ in the TEM. Before
starting the in situ study, a micron-sized battery was cycled ex situ. The first charging curve of
the ex situ studies of the micron-sized battery revealed two maxima. The first one around 2 V
can be attributed to the formation of copper (I) oxide. The source of oxygen could be the carbon
black added to the composite as well as performing most of the bulk battery preparation in air.
The second maximum (or plateau) started at 2.77 V to 3.5 V and can be attributed to copper
(II) fluoride formation. The potential is slightly higher than the theoretical potential of 2.71 V
for the Cu/CuF2 redox couple vs. MgF2/Mg. Similar potentials were observed ex situ for the
Cu/La0.9Ba0.1F2.9/CeF3

full

battery

system

[192].

The

initial

discharging

showed

I-V characteristics for the reduction of the CuF2 very similar to the charging and the total
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conversion charge indicates a fairly complete reaction. However, at 2.85 V a short circuit
developed, which prevented further controlled discharging of the battery.
The CV peaks measured during the in situ studies occur at voltages comparable to the
ex situ studies. Two peaks were observed during the first in situ charging at around 2 V and
2.85 V on top of a strong background that could be due to a higher residual contamination
during FIB preparation compared to the ex situ studied cell. Pt migration from the contacts
cannot be ruled out, where the current was dominated by the short circuit during discharging
with a minor peak around 2.7 V. During the second in situ charging, no characteristic CV peaks
could be observed until the micron-sized battery fractured at the cathode-electrolyte interface.
The fracture at the interface suggests an electrochemical reaction of the battery despite the
strong leakage current. The fracture at the interface can be attributed to: 1) the volumetric
change accompanied to the CuF2 formation [6] and 2) the reduced free volume available to
compensate the volume changes compared to the normal batteries due to the high pressure
used in sample preparation. STEM-EDX and HRTEM analysis of the cathode-electrolyte
interface confirmed the fluoride migration into the composite cathode forming copper (II)
fluoride. Moreover, diffusion of Cu into the electrolyte was observed after cycling, presumably
due to the volumetric changes associated with the copper fluorination. In addition, the HRTEM
analysis confirmed the formation of Cu2O after cycling. Formation of Cu oxide could lead to an
inhomogeneous current density distribution in the cathode and, hence, a localized overheating
that would favor the formation of voids and spherical particles. The same morphological
changes and Cu diffusion into the electrolyte were observed for the thick part of the
cathode-electrolyte interface as in the thin part indicating that the in situ observations are not
strongly affected by the sample thickness.
On the other hand, no significant changes could be observed at the thin area of anodeelectrolyte interface. Only, some volumetric changes leading to small cracks in the anode
composite and at the anode-electrolyte interface were observed at the anode in the thick part.
Moreover, the surface of the cycled anode was covered by small particles in agreement with
previous reported ex situ results [239]. In those papers, the particles were identified as MgF2
[240], considered to be formed as a result of the low ionic conductivity of the electrolyte leading
to the fluoride migration on the surface [241].
Based on these observations, the development of an electrolyte with higher fluoride ion
conductivity would be critical for solid-state fluoride batteries operating at RT. However, the
protection of the electrode materials from oxidation could already lead to a significantly
enhancement of the performance of the fluoride ion battery.
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6 Ex situ TEM studies of fluoride ion battery
6.1 Introduction
A fluoride ion battery consisting of CuF2/La0.9Ba0.1F2.9/C as a cathode, La0.9Ba0.1F2.9 as
an electrolyte, and a metallic La sheet as an anode was prepared. The morphology, structure,
and composition were subsequently studied using ex situ TEM analysis. The working principle
of the CuF2/La0.9Ba0.1F2.9/La fluoride ion battery is oxidation of La during discharging resulting
in the formation of LaF3 via transport of fluoride ions through the electrolyte from the CuF2
cathode. At the same time, the CuF2 cathode is reduced to Cu metal. During charging, the
reactions should be reversed with the Cu cathode oxidized to form CuF2 while the fluorinated
anode will be reduced La metal again.
The conversion reactions during discharging are:
Cathode reaction:

CuF

Anode reaction:

La

Cell:

3 CuF

2e
3F

→ Cu

2F

6.1

→ LaF

3e

6.2

2 La → 3 Cu

2 LaF

6.3

and during charging
Cathode reaction:

Cu

2F

Anode reaction:

LaF

3e

Cell:

3 Cu

2 LaF

→ CuF

2e

6.4

→ La

3F

6.5

→ 3 CuF

2 La

6.6

The battery system has been studied in three different states: as-prepared, discharged,
and recharged. The electrochemical cells were prepared as three-layer pellets by compacting
the powders for the cathode and the electrolyte with a La sheet as anode. Fabrication of all
electrode materials and construction of the electrochemical cells was carried out inside an
argon-filled glove box. The electrolyte thickness was around 450 μm, the cathode thickness
about 30-45 μm and the La sheet thickness around 180 μm (Figure 6-1). The as-received La foil
was manually polished to remove the oxide layer covering the surface prior to the assembly in
the cell. The cells were compacted using a Perkin Elmer desktop hand-press. The resulting
battery pellets had a diameter of 10 mm and a thickness of approx. 0.7 mm. These samples
were used for ex situ TEM analysis. One battery was only discharged, while another pellet was
discharged and then charged (one complete cycle). The discharging and charging was
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controlled galvanometrically to evaluate the electrochemical performance of the cells. The third
battery remained in the as-prepared charged state.
The Strata FIB was used for the preparation of two TEM lamellae from each battery
across both electrode-electrolyte interfaces using the standard preparation techniques described
in chapter 3. The FEI Titan 80-300 microscope with aberration corrector (for imaging) operated
at an accelerating voltage of 300 kV was used for TEM analysis. The structure and chemistry of
the electrodes before cycling, after discharging and after recharging were characterized using
TEM, STEM, SAED, and EDX to understand the changes and relate them to the electrochemical
performance of the fluoride ion battery.

Figure 6-1: SEM images of the cell cross-section focusing on (a) anode side & (b) cathode side.

6.2 Electrochemical study
Galvanometric discharging and recharging of the fluoride ion batteries was performed
at an elevated temperature of 150 ˚C to enhance the ionic conductivity of the electrolyte from
approx. 2×10-6 S cm-1 at RT to approx. 2.8×10-4 S cm-1 [233]. The group of Maximilian Fichtner
performed the electrochemical studies at the KIT. As the cathode consists of CuF2, the
as-prepared cells are in the charged state. Therefore, cycling was started by discharging the
as-prepared

cell.

The

discharging

was

done

by

applying

a

current

density

of

-4 mA g-1 (10 mA cm-2) with a 1 V cut off potential and for charging current density of
+4 mA g-1 was applied at a voltage up to 3.6 V. The specific capacity was calculated based on
the limiting active material, in this case the CuF2 cathode.
Figure 6-2 shows the cell voltage plotted vs. the specific capacity for the first discharge,
first recharge, and second discharge. The open circuit voltage (OCV) of the as-prepared cell was
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measured to be 2.9 V, and the voltage decreased slowly during discharging. The discharge
process seems to be characterized by a single voltage plateau corresponding to the reduction of
Cu2+ to Cu0 in the cathode. The specific capacity obtained for the first discharge to 1 V was
360 mAh g-1. This value is below the theoretical specific capacity of the Cu/CuF2 cathode
(528 mAh g-1 [237]), indicating an incomplete reaction. The specific capacity obtained for the
first recharging to 3.6 V was only 270 mAh g-1. The charging curve exhibits two slightly
separated voltage plateaus, suggesting two reactions. The first voltage plateau around 3.25 V
may correspond to the reaction of Cu0 to Cu1+, while the second plateau around 3.55 V probably
corresponds to the reaction of Cu1+ to Cu2+. The specific capacity was strongly reduced in the
second cycle, where the capacity of the second discharge to 1 V was only 165 mAh g-1 (only
46% of the first discharge capacity). The significant decrease of the capacity indicates significant
irreversible reactions. TEM analysis was performed to understand the reactions during the first
discharging and first recharging and to identify some of the reasons for the capacity fading.

Figure 6-2: Specific capacity of the CuF2/La0.9Ba0.1F2.9/La battery during galvanostatic testing. The
voltage/capacity plots were obtained at 150 ˚C with a current density of 10 mA cm-2.

6.3 Cathode-electrolyte interface
6.3.1 Scanning transmission electron microscopy-energy dispersive X-ray analysis
STEM images and STEM-EDX maps at the cathode-electrolyte interface of the
as-prepared, discharged and recharged cells are shown in Figure 6-3, Figure 6-4, and
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Figure 6-5. The STEM-EDX maps reveal that the cathode composite consists of finely disperse
nanosized particles. Moreover, the Cu particles are homogeneously distributed in the cathode
composite. This homogeneity is the result of using ball milling for a long time of 12h. Rietveld
refinement of the XRD analysis of the La0.9Ba0.1F2.9 revealed an average particles size of around
19 nm. For the CuF2 composite mixed with La0.9Ba0.1F2.9 electrolyte and carbon black, the
pattern looks similar to that of La0.9Ba0.1F2.9, but the peaks are slightly broader than those of
La0.9Ba0.1F2.9 due to the formation of smaller crystallites.
The fluoride maps reveal the fluoride distribution around the interface and in the
cathode composite. While the fluoride signal in the cathode composite cannot be separated into
the CuF2 (30 wt%) and the electrolyte (60 wt%) contribution, the overall fluoride signal clearly
decreased after discharging compared to the as-prepared charged cell. This decreased fluoride
signal is a confirmation for the migration of fluoride ions from the cathode to the anode through
the electrolyte, and hence the formation of Cu metal in the cathode and lanthanum fluoride at
the anode sheet. After recharging, the fluoride concentration in the cathode increased,
indicating some reversible reaction (equation 6.6). However, the extracted EDX profiles from
the cathode side reveal that the fluoride intensity in the recharged cell is lower compared to the
as-prepared cell (Figure 6-6). This fits to the electrochemical characterization, where the
reduced capacity during recharging indicated already that the reactions are not completely
reversed. As will be discussed in detail for the anode-electrolyte interface, one of the reasons
for the irreversible reaction and hence the capacity fading are oxides at the cathode and their
reactions.
Even though the cathode consists of 60 wt% electrolyte (La0.9Ba0.1F2.9), 30 wt% CuF2
and 10 wt% carbon black, the O-map reveals significant amounts of oxygen in the cathode. The
origin of oxygen in the cathode materials can presumably be attributed to minor amounts of
water in the carbon black that was added to the cathode composite to enhance the electronic
conductivity [192] and/or oxidation during ball milling of the composite that has been
performed outside the glove box. This significant oxide formation is probably one of the reasons
for the reduced capacity during initial discharging compared to the theoretical capacity.
The Cu-maps of the as-prepared (Figure 6-3) and the discharged cells (Figure 6-4) only
exhibit Cu in the cathode itself. However, Cu diffusion from the cathode into the electrolyte is
noticeable in the Cu-map of the recharged cell (Figure 6-5). This diffusion is presumably related
to the strong volume change accompanying the Cu/CuF2 reaction in combination with the
porosity of the ball milled electrolyte [192]. During discharging, where the fluoride ions migrate
from the CuF2 cathode to the La anode, the volume shrinks and hence there is no Cu diffusion
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into the electrolyte. However, during charging the volume will increase again locally leading to
Cu diffusion into the pores of the electrolyte to compensate this volume change. Diffusion of
Cu cations into the electrolyte may increase the electronic conductivity of the electrolyte [243]
and could be partially responsible for the performance degradation of the cell. More Cu
diffusion into the electrolyte is expected during the following cycles and, hence, fading in the
discharge capacities.

Figure 6-3: STEM-EDX map of the cathode-electrolyte interface of the as-prepared cell.

Figure 6-4: STEM-EDX map of the cathode-electrolyte interface after discharging.
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Figure 6-5: STEM-EDX map of the cathode-electrolyte interface after recharging.

Figure 6-6: Integrated EDX spectra of the cathode.

6.3.2 Bright field and high resolution transmission electron microscopy analysis
BF-TEM images have been used to characterize the crystal structure of as-prepared
electrolyte and as-prepared cathode composite materials. Figure 6-7a shows a low
magnification TEM image of the as-prepared electrolyte, revealing that the electrolyte materials
consist of nanocrystallites of 10-20 nm size range. The cathode composite consists of slightly
smaller nanocrystallites (Figure 6-7b), in good agreement with the XRD results.
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Figure 6-7: BF-TEM images of (a) as-prepared electrolyte and (b) as-prepared cathode.

HRTEM images have been used to further characterize the crystal structure of the
materials in the cathode. Figure 6-8 shows the HRTEM images and the corresponding FFTs of
cathode material of the as-prepared cell. The TEM images confirm the high crystallinity of the
cathode. The presence of CuF2 and La0.9B0.9F2.9 can be confirmed from the HRTEM images. The
lattice spacings of a CuF2 particle calculated from the FFT are in good agreement with the
monoclinic phase of copper fluoride (a=3.309 Å, b=4.569 Å, c=5.362 Å, α=90.0, β=121.11,

γ=90.0) [ICSD-9788], in the specific case in Figure 6-8a imaged in a [212] zone axis. While
the lattice spacings of the electrolyte phase (La0.9B0.9F2.9) are in good agreement with the
hexagonal LaF3 phase (a=b=7.185 Å, c=7.351 Å, α=β=90.0, γ=120.0) [ICSD-35673]. The
measured lattice spacings for CuF2 and La0.9B0.9F2.9 are compared to reference values in
Table 6-1. Moreover, copper oxide crystals were also detected by HRTEM. The HRTEM images
reveal two different copper oxide phases, CuO and Cu4O3. Figure 6-9 shows the HRTEM images
and the corresponding FFT of CuO and Cu4O3. The lattice spacings of the CuO particle
calculated from FFT are in good agreement with the monoclinic phase of copper (II) oxide
(a=4.7162 Å, b=3.3582 Å, c=5.1126 Å, α=90.0, β=100.53, γ=90.0) [ICSD-628618]. The
lattice spacings of the Cu4O3 crystal are in good agreement with Paramelaconite copper oxide,
which it is a tetragonal phase (a=b=5.837 Å, c=9.932 Å, α=β=γ=90.0) [ICSD-100566].
Table 6-2 contains the measured lattice spacings for CuO and Cu4O3 compared to the reference
structures.
The Paramelaconite Cu4O3 phase is a metastable copper oxide with an intermediate
stoichiometry between copper (II) oxide (CuO) and copper (I) oxide (Cu2O) [244, 245], where
half of the Cu ions are in the “+1” oxidation state while the other half are in the “+2” oxidation
state (Cu21+ Cu22+ O3) [246]. Oxidation of Cu2O can lead into the formation of Paramelaconite.
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However, pure Cu4O3 is hard to synthesize in bulk form. Otherwise, it is also known that
decomposition of copper (II) oxide (CuO) under the electron beam can produce Cu4O3 in small
amounts [247]. The group of Maximilian Fichtner has used XPS to analyse the electrode and
confirmed the presence of both Cu1+ and Cu2+.
The formation of copper oxide is negatively affecting the specific capacity, which is
calculated with the assumption of all copper present as copper fluoride in the cathode.
Furthermore, the metallic copper formed after discharging can react with additional copper (II)
oxide to form copper (I) oxide.

CuO

Cu → Cu O

6.7

The formation of copper oxide after discharging will decrease the available copper for
fluorination during recharging and hence result in a fading of the cell capacity. This is
contributing to the capacity fading from 360 mAh g-1 for the first discharge to only
165 mAh g-1 for the second discharge.

Figure 6-8: HRTEM images and the corresponding FFTs of fluorides in the as-prepared cathode. The
images have been filtered using the HRTEM-filter script (D. R. G. Mitchell, v2.0, Jan 14).
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Table 6-1: Lattice spacings of the CuF2 & LaF3 references and the values measured from FFTs.
Lattice
plane

Measured
CuF2 reference
[Å]
d-spacings [Å]

Reference angles [˚]

Measured angles [˚]

10-1

3.29

3.30

(10-1) & (021)=92.98

(10-1) & (021)=90

021

2.05

2.06

(10-1) & (120)=60.27

(10-1) & (120)=60

120

1.78

1.80

(021) & (120)=32.71

(021) & (120)=30

Lattice
plane

LaF3 reference
[Å]

Measured
d-spacings [Å]

Reference angles [˚]

Measured angles [˚]

-12-11

3.23

3.22

(-12-11) & (11-21)=53.39 (-12-11) & (11-21)=54

11-21

3.23

3.24

(-12-11) & (30-31)=83.15 (-12-11) & (30-31)=84

30-31

1.996

2.00

(11-21) & (30-31)=29.76

(11-21) & (30-31)=30

Figure 6-9: HRTEM images and the corresponding FFTs of copper oxides in the as-prepared cathode. The
images have been filtered using the HRTEM-filter script (D. R. G. Mitchell, v2.0, Jan 14).

Table 6-2: Lattice spacings of the CuO & Cu4O3 references and the values measured from FFTs.
Lattice
plane

CuO
reference [Å]

Measured
d-spacings [Å]

Reference angles [˚]

Measured angles [˚]

100

4.64

4.58

(100) & (110)=54.09

(100) & (110)=53.5

110

2.72

2.77

(100) & (010)=90

(100) & (010)=90

010

3.36

3.4

(110) & (010)=35.91

(110) & (010)=36.5

Lattice
plane

Cu4O3
reference [Å]

Measured
d-spacings [Å]

Reference angles [˚]

Measured angles [˚]

004

2.48

2.52

(004) & (112)=50.27

(004) & (112)=51

112

3.17

3.23

(004) & (11-2)=50.27

(004) & (11-2)=50

11-2

3.17

3.23

(112) & (11-2)=79.46

(112) & (11-2)=79

103

HRTEM image of the cathode after discharging and the corresponding FFT are shown
in Figure 6-10. The HRTEM image confirm the fluoride migration by the formation Cu metal.
The lattice spacings calculated from the FFT (Table 6-3) are in good agreement with fcc copper
metal (a=b=c=3.61 Å, α=β=γ=90.0) [ICSD-53755]. The calculated unit cell volume of Cu is
47.05 Å3, while the calculated unit cell volume of CuF2 is 69.41 Å3. Therefore, the defluorination
process of CuF2 is accompanied by a strong volume shrinkage in the cathode, whereas the
fluorination is accompanied by the corresponding increase. Figure 6-11 shows HRTEM images
of the cathode after recharging and the corresponding FFTs patterns. The images indicate the
formation of monoclinic CuF2 after recharging (Table 6-4), but some unreacted CuF2 from the
as-prepared cathode cannot be excluded.

Figure 6-10: HRTEM images and the corresponding FFT of the discharged cathode.

Table 6-3: Lattice spacings of the Cu reference and the values measured from FFT.
Lattice
plane

Cu
reference [Å]

Measured
d-spacings [Å]

Reference angles [˚]

Measured angles [˚]

200

1.81

1.8

(200) & (111)=54.74

(200) & (111)=54.5

111

2.08

2.1

(200) & (1-1-1)=54.74

(200) & (1-1-1)=55.5

1-1-1

2.08

2.1

(111) & (1-1-1)=70.53

(111) & (1-1-1)=70
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Figure 6-11: HRTEM images and the corresponding FFTs of the recharged cathode.

Table 6-4: Lattice spacings of the CuF2 reference and the values measured from FFT.
Lattice plane

CuF2
reference [Å]

Measured
d-spacings [Å]

Reference angles [˚]

Measured angles [˚]

0-11

3.24

3.3

(0-11) & (002)=45.14

(0-11) & (002)=43.5

002

2.3

2.4

(0-11) & (011)=90.28

(0-11) & (011)=91

011

3.24

3.3

(002) & (011)=45.14

(002) & (011)=47.5

6.4 Anode-electrolyte interface
While the analysis of the cathode close to the electrolyte interface revealed a partially
reversible fluorination reaction during cycling, no side reaction leading to the observed capacity
fading were detected at the cathode. The anode-electrolyte interface is studied to see if reasons
leading to the observed capacity fading can be detected there.

6.4.1 As-prepared cell
Figure 6-12 shows a STEM image of the as-prepared anode-electrolyte interface. The
STEM image reveals the formation of an intermediate layer between the La sheet anode and
the La0.9Ba0.1F2.9 electrolyte (referred to as (1)). The thickness of this layer is around 1–2 μm.
STEM-EDX compositional analysis of this layer (Figure 6-13) shows that it consists of La, O and
some F. The fluoride concentration is gradually decreasing from the electrolyte to the anode
while the oxygen concentration in this layer is fairly homogeneous. The absence of Ba in this
layer shows that it is part of the original La sheet, presumably an oxide layer present on the
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surface, which was not fully removed prior to cell assembly. The decreasing F concentration
indicates that already during assembly of the cell fluoride diffuses from the electrolyte into the
anode.
A SAED pattern taken from layer (1) is shown in Figure 6-14a. The SAED profile of
layer (1) is compared to reference patterns for La, La2O3, and LaF3 in Figure 6-14b. It is difficult
to confirm the different materials present, because of the strong peak overlap of the reference
patterns and the broad signals. Nevertheless, the pattern matches reasonably well with a
mixture of La, La2O3 and LaF3. Local HRTEM analysis (Figure 6-15) confirms the presence of
La2O3 and LaF3. For example, the measured lattice spacings in Figure 6-15a match well to the
hexagonal LaF3 while the measured lattice spacings in Figure 6-15b fit well to the cubic La2O3
phase (a=b=c=11.327 Å, α=β=γ=90.0) [ICSD-641600]. Table 6-5 compares the measured
lattice spacings with LaF3 and La2O3 references. This means that fluoride ions diffused into the
partially oxidized layer and reacted with the residual La to form LaF3. Furthermore, the
presence of some oxyfluorides cannot be excluded.

Figure 6-12: HAADF-STEM image of the anode-electrolyte interface of the as-prepared cell.
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Figure 6-13: STEM-EDX map of the anode-electrolyte interface of the as-prepared cell.

Figure 6-14: (a) SAED pattern of the intermediate layer (1) of the as-prepared cell and
(b) corresponding SAED profile vs. the references.
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Figure 6-15: HRTEM images and corresponding FFTs at the intermediate layer of the as-prepared cell.
The images have been filtered using the HRTEM-filter script (D. R. G. Mitchell, v2.0, Jan 14).

Table 6-5: Lattice spacings of the LaF3 & La2O3 references and the values measured from FFTs.
Lattice
plane

Measured
LaF3
reference [Å] d-spacings [Å]

Reference angles [˚]

Measured angles [˚]

1-212

2.57

2.46

(1-212) & (-1-121)=51.09 (1-212) & (-1-121)=51.00

-1-121

3.23

3.2

(1-212) & (-211-1)=51.09 (1-212) & (-211-1)=50.50

-211-1

3.23

3.2

(-211-1) & (-1-121)=77.83 (-211-1) & (-1-121)=78.50

Lattice
plane

La2O3
Measured
reference [Å] d-spacings [Å]

Reference angles [˚]

Measured angles [˚]

-400

2.83

2.88

(-400) & (-222)=54.74

(-400) & (-222)=54.5

-222

3.27

3.3

(-400) & (222)=54.74

(-400) & (222)=54

222

3.27

3.3

(-222) & (222)=70.53

(-222) & (222)=71.5

6.4.2 Discharged cell
A STEM image of the anode-electrolyte interface of the discharged cell is shown in
Figure 6-16. The STEM image reveals the formation of a new layer between the electrolyte and
the La-sheet anode, referred to as (2) in Figure 6-16. The thickness of the newly formed layer
is similar to the thickness of layer (1) that was formed during cell fabrication.
STEM-EDX analysis (Figure 6-17) reveals that layer (2) contains fluoride and oxygen
beside La. In contrast of the first layer, the oxygen and fluoride distribution is patchy, with the
fluoride distribution representing the local electrochemical reactions. The variation of the
oxygen in layer (2) might be due to some variation of the original oxide thickness. Surprisingly,
the fluoride concentration in layer 1 did not increase during cycling, indicating that this layer
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is not participating in the electrochemical cycling. Nevertheless, the fluoride ion mobility of the
La/LaF3/La2O3 composite in layer (1) is apparently sufficiently high to allow the electrochemical
reaction with the La sheet underneath leading to the locally high fluoride concentration in
layer (2). The thickness of the fluorinated layer differs significantly from one area to another in
the same discharged cell as shown in Figure 6-16. A layer thickness of around 7 μm would be
expected for the experimentally measured 68% conversion during the first discharging based
on the composition and thickness of the as-prepared CuF2 electrode. This fits to the thicker
experimentally observed layer (Figure 6-18), but a detailed comparison is not possible with the
strong local variations and the limited statistics in the TEM. However, with the La sheet as
anode the missing porosity and the limited ionic and electric conductivity of the formed
lanthanum fluoride layer have to be expected to limit the electrochemical reaction [248–250].
A SAED pattern taken from the oxygen rich part of layer (2) is shown in Figure 6-19a.
The SAED corresponds to a larger La2O3 single crystal, imaged in [011] orientation. Table 6-6
compares the measured lattice spacings from Figure 6-19a with the La2O3 reference. A SAED
pattern taken from an area containing both oxygen and fluoride (Figure 6-19b) fits the presence
of La2O3, LaF3 and potentially also LaOF, but because of the similar lattice spacings of the
materials, it is not possible to clearly identify the different phases by SAED. Table 6-7 compares
the measured lattice spacings from Figure 6-19b with the La2O3, LaF3 and LaOF references.
HRTEM images from different parts in layer 2 confirmed the presence of cubic La2O3 and
hexagonal LaF3 after discharging (Figure 6-20). The measured lattice spacings of LaF3 match
well to the hexagonal phase (a=b=7.185 Å, c=7.351 Å, α=β=90.0, γ=120.0) [ICSD-35673].
Table 6-8 summarizes the observed reflections of La2O3 and LaF3 from the area containing both
oxygen and fluoride.
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Figure 6-16: HAADF-STEM images of the anode-electrolyte interface of the discharged cell: (a) thin
fluorinated layer, (b) thick fluorinated layer.

Figure 6-17: STEM-EDX map of the anode-electrolyte interface of the discharged cell.
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Figure 6-18: STEM-EDX map of the anode-electrolyte interface of the discharged cell (another lamella).

Figure 6-19: SAED patterns of layer (2) after discharging, (a) from area with high oxygen content, and
(b) from area with a both oxygen and fluoride present.
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Table 6-6: Lattice spacings of the La2O3 reference and the values measured from SAED pattern
(Figure 6-19a) of layer (2) after discharging.
Lattice plane

La2O3
reference [Å]

Measured
d-spacings [Å]

Reference angles
[˚]

Measured angles
[˚]

222

3.27

3.22

(222) & (044)=35.26

(222) & (044)=35.5

044

2

1.98

(222) & (-222)=70.53

(222) & (-222)=71

-222

3.27

3.22

(044) & (-222)=35.26

(044) & (-222)=35.5

Table 6-7: Lattice spacings of the LaF3, LaOF & La2O3 references and the values measured from SAED
pattern (Figure 6-19b) of layer (2) after discharging.
Lattice plane

References [Å]

Measured d-spacings [Å]

(002)La2O3

5.66(La2O3)

5.64

(-121)LaF3, (222)La2O3

3.23(LaF3), 3.27(La2O3),

3.29

(012)LaF3, (011)La

3.16(LaF3), 3.15(La)

3.15

(004)La2O3, (110)La, (002)LaOF

2.83(La2O3), 2.92(La), 2.92(LaOF),

2.90

(024)La2O3

2.53(La2O3)

2.48

(233)La2O3, (022)LaF3, (012)LaOF

2.41(La2O3), 2.37(LaF3), 2.37(LaOF),

2.36

Figure 6-20: HRTEM images and corresponding FFTs of layer (2) after discharging from an area with a
both oxygen and fluoride present. The images have been filtered using the HRTEM-filter script (D. R. G.
Mitchell, v2.0, Jan 14).
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Table 6-8: Lattice spacings of the La2O3 & LaF3 references and the values measured from FFTs.
Lattice
plane

Measured
La2O3
reference [Å] d-spacings [Å]

Reference angles [˚]

Measured angles [˚]

-400

2.83

2.92

(-400) & (-222)=54.74

(-400) & (-222)=56

-222

3.27

3.34

(-400) & (222)=54.74

(-400) & (222)=54

222

3.27

3.34

(-222) & (222)=70.53

(-222) & (222)=70

Reference angles [˚]

Measured angles [˚]

Lattice
plane

Measured
LaF3
reference [Å] d-spacings [Å]

2-1-11

3.23

3.24

(2-1-11) & (1-32-2)=89.37

(2-1-11) & (1-32-2)=89.5

1-32-2

1.98

2.00

(2-1-11) & (3-41-1)=58.00

(2-1-11) & (3-41-1)=58.5

3-41-1

1.68

1.72

(1-32-2) & (3-41-1)=31.37

(1-32-2) & (3-41-1)=32

6.4.3 Recharged cell
A STEM image of the anode-electrolyte interface of the recharged cell is shown in
Figure 6-21. The STEM image reveals only one layer at the anode-electrolyte interface. The
thickness of that layer varies around 1.5-3 μm, which is approximately the sum of
layers 1 and 2 in the discharged cell, indicating that the electrochemical reaction resulted in
the formation of a combination of the two layers. However, STEM-EDX analysis (Figure 6-22)
still reveals significant compositional difference in this layer. The area corresponding to
layer (1) in the discharged state has a high fluoride content, whereas the area corresponding to
layer (2) in the discharged state has a low fluoride concentration with local patches with a high
oxygen concentration. This indicates that the LaF3 formed during discharging (as evident by the
high fluoride concentration observed in layer 2) has been (partially) reduced to La with the
fluoride migrating towards the cathode during recharging. However, the fluoride content in
layer 1 is increased, indicating a chemical reaction in this region during recharging. SAED
patterns and HRTEM images were acquired to better understand the reaction in this region
during recharging. A SAED pattern taken from that area is shown in Figure 6-23. It can be
indexed as LaOF, indicating that the lanthanum oxide reacted with the fluoride initially present
as LaF3 to form an oxyfluoride. In addition, Figure 6-24 shows HRTEM images acquired from
that layer, which reveal that there is also still some LaF3 and La2O3 present in addition to LaOF.
The LaOF phase is a tetragonal phase with a=b=4.091 Å, c=5.836 Å [ICSD-76427]. The
formation of lanthanum (III) oxyfluoride during recharging and any LaF3 trapped at the anode
decrease the amount of fluoride available at the copper cathode and hence, (partially) explains
the fading of the cell capacity from 360 mAh g-1 for the first discharge to only 165 mAh g-1 for
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the second discharge. Table 6-9 compares the lattice spacings of LaOF phase measured from
SAED and the lattice spacings of LaF3, LaOF, and La2O3 measured from FFTs with the references.

Figure 6-21: STEM image of the anode-electrolyte interface of the recharged cell.

Figure 6-22: STEM-EDX map at the anode-electrolyte interface of the recharged cell.
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Figure 6-23: SAED pattern taken from region (1) (near the electrolyte).

Figure 6-24: HRTEM images and corresponding FFTs from layer (1) in the recharged cell. The images
have been filtered using the HRTEM-filter script (D. R. G. Mitchell, v2.0, Jan 14).
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Table 6-9: Lattice spacings of the LaOF, La2O3 & LaF3 references and the values measured from SAED
pattern & FFTs.
Lattice
plane

LaOF
reference [Å]

d-spacings
SAED [Å]

Reference angles [˚]

Measured angles [˚]

101

3.35

3.33

(101) & (110)=54.62

(101) & (110)=54.5

110

2.89

2.86

(101) & (211)=29.47

(101) & (211)=29.5

211

1.75

1.73

(110) & (211)=25.14

(110) & (211)=25

Lattice
plane

LaOF
reference [Å]

Measured
d-spacings [Å]

Reference angles [˚]

Measured angles [˚]

002

2.92

2.94

(002) & (101)=54.97

(002) & (101)=56.5

101

3.35

3.3

(002) & (10-1)=54.97

(002) & (10-1)=54

10-1

3.35

3.3

(101) & (10-1)=70.06

(101) & (10-1)=69.5

Lattice
plane

La2O3
reference [Å]

Measured
d-spacings [Å]

Reference angles [˚]

Measured angles [˚]

-222

3.27

3.3

(-222) & (044)=35.26

(-222) & (044)=35.5

044

2

2

(-222) & (222)=70.53

(-222) & (222)=70

222

3.27

3.3

(044) & (222)=35.26

(044) & (222)=34.5

Lattice
plane

LaF3
reference [Å]

Measured
d-spacings [Å]

Reference angles [˚]

Measured angles [˚]

11-23

2.02

2.08

(11-23) & (03-30)=60.79

(11-23) & (03-30)=61

03-30

2.07

2.08

(11-23) & (-12-1-3)=58.42

(11-23) & (-12-1-3)=60

-12-1-3

2.02

2.02

(03-30) & (-12-1-3)=60.79

(03-30) & (-12-1-3)=59
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7 Summary and outlook
7.1 Summery
Reversible batteries based on a fluoride ion shuttle have great potential to be an
alternative to the commercial systems, because of the high electronegativity and comparable
low atomic weight of the fluorine, theoretically resulting in higher energy densities compared
to LIBs, above 5000 WhL-1. However, research in the field of fluoride ion batteries is at an early
stage of development needing large improvement to meet practical requirements for
applications. Understanding the electrochemical reactions occurring at the battery electrodes
during cycling was the main objective of this work, which is a basis to develop fluoride ion
batteries with improved performance.
TEM is well established as a powerful characterization tool that can provide structural
information of various materials down to the atomic level, including local compositional
information, and electronic structure information. Numerous ex situ TEM studies have been
performed to understand the compositional, structural and morphological changes of battery
materials at selected states during cycling. However, real-time observations of the structural
evolution during electrochemical cycling is very challenging to obtain. Therefore, attempts to
perform in situ studies became very popular in the past few years.
In the present study, TEM has been chosen to study all-solid-state fluoride ion batteries
in situ and ex situ TEM. Prior to in situ studies, the as-prepared components of the fluoride ion
batteries were investigated to study the effect of the electron beam on the materials. The results
confirmed that the fluoride ion battery materials are stable under normal imaging conditions,
so that standard TEM techniques can be used for imaging and analytical work of the fluoride
ion battery components. Different all-solid-state fluoride ion battery systems were studied. In
all cases, La0.9Ba0.1F2.9 was used as solid-state electrolyte, prepared by ball milling a (1−y) LaF3
and (y) BaF2 mixture. FIB as a common method for preparing TEM samples has been used to
prepare the micron-sized batteries for in situ TEM studies. However, development of reliable
preparation and contacting methods for all-solid-state micron-sized batteries was an essential
task to enable in situ TEM studies during electrochemical biasing. Major challenges that had to
be overcome were:
 Porosity
Although, porosity is required in bulk batteries to enable compensation of volumetric
changes during electrochemical cycling, porosity poses a huge problem for in situ TEM
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measurements affecting both the mechanical stability and the interface connectivity. Therefore,
the initially assembled powder-based batteries were further compressed at a pressure of
~5 GPa to produce a stable, dense battery with good contact between neighboring grains as
well as between the electrodes and electrolyte.
 Metal contamination
Contamination due to metal deposition in the beam tails during FIB sample preparation
and contacting could create an electrical short circuit between the electrodes preventing in situ
cycling. It was observed that the contamination area around the contacts was smaller for EBID
(~1 μm for Pt & W) compared to IBID (~17 μm for Pt, ~3.5 μm for W). Preventing this
contamination was a prerequisite to obtain a functional battery. So, two Pt-protection walls of
300 nm wide and 7 μm high were deposited vertically on the cathode and anode before
performing the initial thinning to reduce the contamination during the contacting stage.
Moreover, new MEMS devices with a wide separation between the Pt contacts (50 μm) have
been used instead of the standard MEMS devices (20 μm).
 Contact resistance
The resistivity of the metal contacts should be sufficiently low to prevent significant
losses at the contacts during the charging/discharging process of the micron-sized battery.
Therefore, the resistance of Pt and W wires deposited by EBID and IBID was measured. The
resistivity was calculated to be 7.5×10-2 Ω.m for Pt-EBID and 6.2×10-6 Ω.m for Pt-IBID, while
it was 5.4×10-3 Ω.m for the W-EBID and 3.8×10-6 Ω.m for W-IBID. The resistance difference
between IBID and EBID is related to differences in the carbon content incorporated from the
precursor system, changing the structure from a percolating Pt (or W) network to isolated metal
nanoparticles and, hence, switching the conductivity from a metallic conductivity to a ‘hopping’
process. Therefore, IBID has been used for contacting the electrodes even though the metal
contamination area was larger.
 Leakage currents
Low leakage currents of the MEMS device are essential to avoid high charging currents,
fast discharge and loss of energy stored in the charged battery. Therefore, the standard MEMS
devices (Protochips E-AEL11) with ~30 MΩ resistance were replaced by new high resistance
MEMS devices (Protochips E-AEK11) of ~1.5 GΩ resistance, which led to a decrease in the
leakage current from ~55 nA to ~1.75 nA at 3 V. As a result, based on the theoretical specific
capacity and the weight of active material (Cu/CuF2 for the full cell), the time for discharging
by leakage current increased from only ~13 min to ~6 h with the new high resistance MEMS
device.
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Furthermore, the effect of electron beam current on the measured current in the
electrochemical circuit was measured by positioning the electron beam in the TEM on the
electron transparent thinned areas, thick areas and the Pt contacts of the MEMS device. The
measured current of the electron beam adding to the charging was approx. 0.5 nA, 1-2 nA and
1-1.5 nA on the electron transparent area, thick area and the Pt contacts respectively, while the
electron beam current was 9.16 nA. These currents were negligible compared to the operating
currents of the fluoride ion battery.
After optimizing the FIB sample preparation, the FIB was used to prepare two different
micron-sized fluoride ion batteries for in situ TEM characterization, a Bi cathode half-cell and a
Cu/La0.9Ba0.1F2.9/MgF2 full cell. The micron-sized batteries were milled from the as-prepared
fluoride ion batteries incorporating all interfaces. The areas of interest around the interfaces
were thinned for TEM investigation. Then, the micron-sized batteries were contacted by local
Pt-deposition between the electrical contacts of the MEMS device and the cell electrodes
allowing the electrochemical cycling in situ inside the TEM.
The Bi cathode half-cell was cycled in situ TEM at RT by applying a sweep voltage
between 0 V and 3 V over 1 h. During charging, an I-V peak was observed at a voltage of
2.33 V attributed to the formation of BiOxF3-2x by fluorination of Bi2O3 and Bi. The current
reached to a second maximum at 2.85 V, which was attributed to the oxidation of bismuth
forming bismuth (III) fluoride. However, no reduction peaks were observed in the discharging
process, instead, a straight line dominated by leakage currents. Formation of BiF3 and BiOxF3-2x
after charging was confirmed by HRTEM analysis. Moreover, unique reflections of BiF3 were
observed in SAED pattern of the charged cathode while unique reflections of Bi metal
disappeared after charging. The intensities of the BiF3 unique reflections were reduced after
discharging, partially reversible behaviour. On the other hand, the intensity of the strongest
LaF3 peak of electrolyte was reduced after charging and then mostly recovered after
discharging. The poor reversibility of the Bi cathode half-cell was attributed to:
1) Presence of bismuth (III) oxide in the as-prepared composite cathode, which was
fluorinated after charging irreversibly forming a bismuth (III) oxyfluoride phase
(BiO0.1F2.8). Based on the electrochemical charging curve, that irreversible phase was the
main phase formed during charging.
2) Presence of oxygen in the electrolyte in form of lanthanum (III) oxyfluoride and probably
lanthanum (III) oxide. The oxygen content of the electrolyte was presumably formed
during ball milling of the electrolyte outside the glove box. As a result, the partial reduction
of the electrolyte during charging increased the amount of LaOF phase.
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3) Poor fluoride ion conductivity of the BiF3 formed after charging, limiting the
charging/discharging processes.
4) Probably a short circuit between electrode and electrolyte caused by Pt electromigration
from the two deposited electrical contacts towards the interface and, hence, a high
self-discharge.

In addition, an in situ study of a Cu/La0.9Ba0.1F2.9/MgF2 full cell fluoride ion battery was
performed in the TEM. Initially, a micron-sized battery of a Cu/La0.9Ba0.1F2.9/MgF2 full cell
fluoride ion battery was cycled ex situ the TEM at RT and under high vacuum. The cycling has
been done by sweeping the voltage from 0 to 3.5 V over a time of 4h. The charge process was
revealed two current steps corresponding to a two-step reaction. The first one around 2 V was
attributed to the formation of Cu2O, while the second maximum started from 2.77 V to 3.5 V
forming a plateau attributed to the CuF2 formation. The carbon black added to the cathode
composite and preparation of the battery materials outside the glove box were probably the
oxygen sources. The discharging was partially possible, with the reverse reaction observed until
the battery failed at 2.85 V with a short circuit between cathode and anode. The CuF2 phase
can convert back to form Cu metal during discharging while the Cu2O phase is irreversible.
Similar to the Bi half-cell, the in situ electrochemical measurements of the
Cu/La0.9Ba0.1F2.9/MgF2 full cell fluoride ion battery were performed by CV at RT inside the TEM.
The Cu/La0.9Ba0.1F2.9/MgF2 full cell was cycled in situ by sweeping a voltage from 0 V to 3.5 V
over a time of 2 h. The basic redox steps observed during charging were comparable to the
ex situ investigation. Formation of copper (II) oxide and copper (II) fluoride was confirmed by
HRTEM analysis. However, the characteristic CV peaks during the first charging were on top of
a strong background current, which was attributed to residual contamination during FIB
preparation and probably Pt migration from the contacts toward the interfaces. During
discharging, the current was dominated by the short circuit with a slight peak around 2.7 V,
indicating some driven discharging of the battery. During the second charging, no characteristic
CV peaks could be observed until the micron-sized battery fractured at the cathode-electrolyte
interface. The fracture at the interface was attributed to the volumetric change accompanied to
CuF2 formation and to the reduced free volume available in the cathode composite compared
to a normal battery due to the high pressure used for the sample preparation. As a result of the
low free volume and the high volumetric change accompanied to Cu/CuF2 reaction, copper
diffusion into the pores of electrolyte was observed after charging. Moreover, formation of voids
in the cathode was visible after the first cycle and became more apparent after failure. Voids
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were formed in the cathode composite, which was attributed to electromigration or some
recrystallization during cycling. In addition, spherical particles formation at the interface to the
electrolyte which seem to consist of CuF2. This formation of spherical particles was attributed
to a local overheating as a result of an inhomogeneous Cu oxide and fluoride formation. To
investigate potential thickness effects during in situ cycling, a fresh thin area was prepared from
the thick part of the cathode-electrolyte interface after cycling. The morphological changes and
Cu diffusion into the electrolyte were also noticeable in the thick part of the sample. A
comparison of the morphological changes in the thick part and the thin area investigated in situ
suggests that the sample thickness does not significantly alter the in situ study. On the other
hand, no significant changes were observed in the thin area at the anode-electrolyte interface.
Some volumetric changes visible as small cracks in the anode composite and at the
anode-electrolyte interface were observed at the thick part of the anode. However, the surface
of the cycled anode was covered by small particles of MgF2 as a result of the low ionic
conductivity of the electrolyte leading to fluoride migration on the surface.
In addition to the in situ TEM studies, a fluoride ion battery consisting of a CuF2 composite
as cathode, La0.9Ba0.1F2.9 as an electrolyte, and a La sheet as anode was studied by ex situ TEM.
The electrochemical cycling was performed at an elevated temperature of 150 ˚C to enhance
the ionic conductivity of the electrolyte. The cycling was started by discharging the as-prepared
cell by applying a current density of -4 mA g-1 (10 mA cm-2) until a 1 V cut off potential. A
current density of +4 mA g-1 was applied for charging until 3.5 V. Three different states of that
system have been studied, as-prepared (in the charged state), discharged, and recharged. The
FIB was used for lifting-out two lamellae from each pellet at the electrodes-electrolyte
interfaces, then, the structural and chemical modifications of the electrodes before cycling, after
discharging and after recharging were characterized using TEM. Based on the detailed
structural characterization of the anode and cathode in the as-prepared, discharged and
recharged states, a partially reversible electrochemical cycling was confirmed by fluoride ion
transfer through the La0.9Ba0.1F2.9 solid-state electrolyte. The discharge process exhibited a
single voltage plateau corresponding to the reduction of Cu2+ to Cu0 in the cathode. The
recharging process exhibited two voltage steps corresponding to two-step reaction, oxidation of
Cu0 metal to Cu1+, and oxidation of Cu0 metal or further oxidation of Cu1+ to form Cu2+. The
HRTEM analysis of the cathode confirmed the formation of Cu metal after discharging as a
result of CuF2 reduction, while the copper fluoride was formed after recharging, validating the
concept of the fluoride ion battery. Moreover, the exported F-maps of the cathode revealed a
decrease in the fluorine intensity after discharging, confirming the migration of fluorine from
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cathode to anode. However, besides the existence of copper (II) oxide in the cathode composite,
the HRTEM images revealed the formation of the metastable paramelaconite copper oxide
(Cu4O3) with an intermediate stoichiometry between the copper (II) oxide and copper (I) oxide.
The formation of paramelaconite was attributed to either oxidation of copper (I) oxide or
decomposition of copper (II) oxide under the electron beam. The high oxygen content of the
cathode composite, presumably formed during to the ball milling of the composite outside the
glove box, can partially explain the difference between the theoretical capacity of Cu/CuF2
(528 mAh g-1) and the observed capacity during the first discharging of the battery
(360 mAh g-1). Furthermore, Cu diffusion from the cathode into the electrolyte was observed
in the recharged cell during the in situ studies, due to the high volumetric change associated to
the Cu/CuF2 reaction. Furthermore, an intermediate layer of La2O3 was observed in the
as-prepared cell at the anode-electrolyte interface. The oxide layer was present on the La sheet
surface prior to fabrication of the cell. After discharging, a LaF3 layer formed below the La2O3
on the La sheet and as a result of the fluoride migration from the cathode into the anode through
the oxide layer. After recharging, these two layers merged into one layer with lower fluorine
content, indicating the migration of fluorine from the anode toward the cathode. However, the
presence of lanthanum (III) oxide on the anode lead to a side reaction resulting in the formation
of LaOF during recharging, which was acting as significant fluoride trap. This partially explains
the capacity fading after the first recharging to 270 mAh g-1 (75% of the first discharge
capacity), while it faded strongly in the second discharging to only 165 mAh g-1 at 1 V.

Based on the results obtained from the in situ and ex situ TEM studies, protection of the
electrode's materials from oxidation by using improved inert processing conditions for materials
preparation and battery assembly will overcome the problems due to the oxides, which could
be a reason for a significant improvement in the performance of all-solid-state fluoride ion
batteries. Moreover, development of an electrolyte with higher fluoride ion conductivity at room
temperature is essential to improve the overall conductance of the battery. As well, it is helpful
to decrease the electrolyte thickness and the interfaces roughness to reduce the internal
resistance of the battery. Furthermore, more development for the sample preparation for in situ
TEM studies is required to avoid any metal contamination during FIB preparation and, hence,
prevent the short circuit during in situ cycling. New design for the MEMS device may be useful
in this case. This will be beneficial to study and understand the changes in the electrodes
materials at higher cycling number. Additionally, it is essential to use an optimized porosity of
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electrode materials achieve mechanical stability of the micron-sized battery and on the other
hand still enable compensation of volumetric changes during fluorination/defluorination.

7.2 Outlook
The work in this thesis is providing the basic developments for in situ TEM studies of
all-solid-state batteries. Further work will be needed to use these approaches to understand
details of the electrochemical processes in the batteries and how morphological and chemical
parameters influence the battery performance. However, for successful further studies, several
aspects need to be addressed:


Improved solid-state electrolytes
It is known that the bulk fluoride batteries only work at elevated temperatures. With the

significantly reduced electrolyte, it was possible construct a partially reversible fluoride ion
battery. However, development of an electrolyte with higher fluoride ion conductivity is
essential for all-solid-state fluoride ion batteries operating at RT.


Preparation of oxygen-free materials
Oxygen in the electrode materials is one of the main reasons for the limited performance

of fluoride ion batteries. Oxygen in the electrode materials prevents fluorination/defluorination
of large parts of the active material and, as a result, the specific capacity is fading. Therefore,
preparation of oxygen-free materials by using improved inert processing conditions is very
important to overcome the problems due to the oxides.


Further development of sample preparation
Additional developments for sample preparation for in situ TEM studies will be needed

for further experimental work. MEMS devices with a new design enabling thinning of the
interested area after mounting the lamella on the MEMS device is required to remove any
contamination from the preparation. Although the contamination due to the metal deposition
during FIB preparation was significantly reduced by using the Pt-protection walls, thinning the
interested areas of the electrodes-electrolyte interfaces after mounting the lamella on the MEMS
device would be expected to absolutely remove any metal deposition, preventing the short
circuit during cycling.


Development of thin-film-type fluoride ion battery
Development of all-solid-state thin-film-type fluoride ion batteries will be expected to

improve the overall conductance due to the decreasing of electrolyte thickness. However, the
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roughness of electrodes-electrolyte interfaces has to be improved for thin-film-type batteries
compared to the current batteries assembled from powders. As a result, the internal resistance
of the battery should drastically decrease.

All these will produce an improvement in the performance of all-solid-state fluoride ion battery.
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