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Summary

This study aims to assess the suitability of iron oxyfluoride (FeOF) as cathode material for fluoride-ion
batteries based on the electrochemical performance and fluorination capability of ferrous oxide (FeO),
as well as the defluorination of FeOF. Due to the pressing demand for electrochemical storage, alter-
natives to the widespread lithium-ion battery must be sought. One alternative can be the fluoride-ion
battery (FIB). By trying to combine the stability of intercalation-based electrode materials and the high
energy density of conversion-based materials, oxyfluorides might be the answer, especially if based
on an abundant transition metal such as iron. In this report, the suitability of iron oxyfluoride as cath-
ode material was evaluated. This was done by synthesising the electrode composites, evaluating their
performance in a custom-made electrochemical cell and investigating the phase transitions of the re-
searched materials. It was found that the ferrous oxide could not be fluorinated in an electrochemical
environment and only reached a capacity of 0.75 mAh/g, which is equal to 0.2% of the theoretical ca-
pacity. It was also found that the iron oxyfluoride could not be electrochemically defluorinated. There-
fore it is concluded that iron oxyfluoride is not suitable as cathode material for fluoride ion batteries.

Keywords: fluoride ion battery, iron oxyfluoride, ferrous oxide, electrode material
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1
Introduction

Over the past decades, our society saw a tremendous increase in both energy production and con-
sumption. This allowed for the great advances made in both lifestyle and technology. While this has
many advantages, the burning of fossil fuels, coupled with the ever-increasing population, has a disas-
trous effect on the climate. The greenhouse gasses released in this process contribute heavily to global
warming and climate change, leading to a wide range of negative impacts on different communities all
around the world due to an increase in severe weather events, rising sea levels, and causing a threat
to food security. Also, the fossil fuel industry on itself does not have a future due to the depletion of
these natural resources. Despite all this, the energy demand keeps increasing. Therefore, the global
increase in demand for energy, coupled with the need to reduce greenhouse gas emissions to reach
a sustainable future, has driven the need for green and renewable energy. However, where fossil fu-
els can match the energy supply directly with its demand, the intermittent nature of renewable energy
makes this nearly impossible. Solar, wind, and tidal energy are not as predictable as coal, gas, and oil,
and therefore there is a necessity of developing efficient and affordable energy storage. Only if this is
achieved, a secure energy grid can be maintained.

One of the solutions for energy storage lies in the use of batteries. Battery storage systems can help
balance the variable output of green energy, improving the reliability and resilience of the power grid all
around the world. The role of batteries in the energy transition extends beyond the storage of renewable
energy though. As oil and gas are gradually replaced, there is an alternative required as fuel for the
whole transportation sector. To facilitate this, batteries are essential to the success of these electric
vehicles(EVs). Over the past years, EVs have become increasingly popular as battery costs decline and
performance improves, with many car manufacturers committing to phasing out internal combustion
engines in favour of electric powertrains. As a result, the demand for EV batteries is growing rapidly.
This is valid for batteries in general, their commercial demand has to be met, and the technology needs
to be improved.

Currently, lithium-ion batteries(LIBs) are used for energy storage in a wide range of applications. This
includes batteries for portable devices, EVs, and small-scale solar energy storage in households. The
lithium resources required for those conventional batteries face challenges due to scarcity concerns,
along with the cobalt which is used in the cathodes of said batteries. Because of this, alternative
charge carriers are a solution to this problem. While the mass of recent research focuses on sodium-
ion batteries (SIBs), magnesium-ion batteries(MIBs), and aluminium-ion batteries(AIBs), fluoride-ion
batteries(FIBs) have emerged as an attractive alternative as well due to their favourable properties.
This includes its monovalency, the small ionic radius, and a high reduction potential. All of this along
with its abundance in minerals such as fluorite, CaF2. These batteries saw a surge of interest after
a novel, fluoride-ion conducting solid-state electrolyte was discovered in 2011 [1]. This became even
more relevant after the discovery of PK10 in 2022; a solid-state electrolyte that also functions properly
at room temperature [2]. Despite this, practical challenges remain. These include issues such as
low ionic conductivity of active materials, volume changes during charge-discharge cycles, and side
reactions that cause performance degradation.

It was found that despite the different chemistry of fluoride compared to a lithium cation, similar transition
metals have the potential to function as cathode material for FIBs. While historically mostly oxides have
been used as intercalation materials for LIBs such as LiCoO2, conversion electrodes such as BiF3,
CuF2 and FeFx have been tested over the past years. And results seem promising. When drawing

1



2

a parallel to the materials that have been tried and tested in LIBs, it is noticeable that this trend is
similar for FIBs as well. While these metal fluorides show excellent capacity, due to their inherent
expansion upon fluorination and defluorination, the cyclability of these materials is lacking, as rapid
capacity loss is observed upon repeated charging and discharging (cycling). This is caused by the
expansion and shrinkage of the solid-state materials, causing loss of contact in the internal components
and amorphisation of the crystalline materials.

Therefore interest has gone out to using crystal structures that are focused not only on capacity but also
stability. By using a specific type of perovskite structure, a Ruddlesden-Popper phase, several atoms
in the crystal maintain the lattice structure upon (de)fluorination. One material that has been tested, is
Sr3Fe2O5F2, an intercalation electrodematerial that is capable of retaining a capacity of 116.7mAh/g for
70 cycles. While the stability is higher than that of metal fluorides, the capacity is too low for commercial
applications [3]. Therefore alternatives were sought that balance a structurally sound framework, but
also have sufficient capacity.

Metal oxyfluorides, also studied for lithium-ion batteries, would be the next logical step in the develop-
ment of a proper FIB cathode material. Bismuth oxyfluoride and a related oxyfluoride of Bi7O5F11 have
shown promising results already, and Cu2OF2 has been demonstrated to yield a capacity of 174 mAh/g
for 35 cycles [4, 5]. While these metal oxyfluorides seem promising, the high atomic weight of bismuth
and the cost and environmental impact of copper might cause these materials to not be feasible on an
economic scale. Therefore other transition metal oxyfluorides should be investigated.

That is why this research will be pioneering the assessment of iron oxyfluoride. By attempting to com-
bine the high cycle life and stability of intercalation electrodes, and the high energy density of conversion
electrodes, while also using more abundant and cheap materials, FeOF will be investigated as potential
cathode material for fluoride ion batteries. This is done by evaluating the electrochemical performance
and material characteristics to provide a thorough evaluation of the viability of this material. This as-
sessment of iron oxyfluoride contributes to the development of sustainable and efficient energy storage
by employing the abundance of iron and fluorine resources to support a greener future.



2
State of the Art

2.1. Battery Concept
Electrochemical batteries are a type of electrochemical energy storage. They use reduction and oxi-
dation reactions to provide energy. They contain an anode, cathode and electrolyte. Oxidation occurs
at the anode, and reduction occurs at the cathode. The electrolyte carries the ions between the two
electrodes. It is important to note that batteries are closed systems: the cathode and anode actively
participate in the redox reactions. This also means that energy storage and conversion occur in the
same components. The battery depicted in figure 2.1, uses ions as charge carriers between the elec-
trodes during operation. Compared to fuel cells, another form of electrochemical energy storage, these
ions are not hydroxides or protons, but metal ions. The electrolyte between the cathode and anode is
present to conduct the ions involved in the reactions and prevent short-circuiting.

Figure 2.1: Representation of a battery (Daniell cell) showing the key features of battery operation. Reproduced from [6]

The electrolyte is generally a liquid, but can also be a solid ion conductor. It is important that this
compound is chemically stable during storage and operation. The voltage range in which the electrolyte
can operate is the electrochemical stability window (ESW); exceeding this causes the battery to degrade
and stop functioning properly. This limits the voltages at which the battery can be operated, reducing
the possible redox combinations. The most interesting type of battery is rechargeable. Compared to
primary batteries, secondary batteries must abide by more criteria and be engineered to be more robust
and enduring than primary ones. This leads to a higher price and lower storage capabilities.

The amount of energy a battery can provide depends on the active mass, which is the material that will
be chemically converted during the redox reactions. It also depends on the redox potential between
the cathode and anode, and the number of electrons transferred, and on the internal resistance or
impedance. The maximum energy a battery can release is found when looking at the thermodynamics
of the system. The net useful energy available from a given reaction in the cell in electrical terms is

3
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given by:
∆G = −nFE

Where n is the number of electrons transferred per mole of reactant, F is the Faraday constant in
coulombs per mole, and E is the voltage of the cell. From there one can see that the available energy
increases as the redox potential increases, and the number of transferred electrons increases. To
increase the gravimetric energy density of a battery, the molecular weight of this active material should
be as low as possible compared to the number of electrons available for the reaction. This is better
show in the equation for the specific battery of the cell [7]:

Specific energy =
V oltage(V ) x Capacity(Ah)

Weight(kg)

Battery function is also dependent on polarisation effects. It reduces the operation voltage and with
that the energy that is available for usage. There are three types as depicted in figure 2.2: activation
polarisation related to interfacial reactions at the electrode/electrolyte interface. This potential differ-
ence is beyond the equilibrium value needed to generate a current. It is dependent on the activation
energy of the redox reaction. The formula for this would be:

η = a− b log(
I

I0
)

Where a and b are constants, I is the current flow, and Io is the exchange current density which is
material specific. Ohmic polarisation comes from the intrinsic resistance to the charge flow, which
results in a voltage loss. There is a linear relation between the polarisation and the ohmic resistance
with the current flow:

η = IR

There is also concentration polarisation. This arises from the mass transport limitations caused by limi-
tations in diffusion. This happens as the active material runs out, and the reaction cannot be sustained
properly. For limited diffusion the concentration polarisation can be expressed as:

η =
RT

n
ln(

C

C0
)

Where C is the concentration at the surface of the electrode, and C0 is the bulk concentration. Consid-
ering all these kinetic effects is an integral part of understanding such a battery’s life cycle. However,
a proper battery is defined by other characteristics.

Figure 2.2: Typical discharge curve of a battery, showing the influence of the various types of polarization. Reproduced from [6]

To be viable for a particular application, a battery must supply a steady voltage over a long time while
having a good energy density. But above all a battery must be stable. Safety is essential in every
commercial product and should always be considered. Both mechanical and chemical stability are
required, as the breakdown of the battery can cause significant problems especially if the casing is
breached. The temperature also plays a role as lower temperatures generally give rise to higher internal
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resistance and worse reaction kinetics. In the case of a liquid-based electrolyte battery, freezing might
destroy the battery, while at higher temperatures the chemicals might decompose or give rise to side
reactions. This can result in self-discharge, which is a criteria in itself too. Batteries slowly lose capacity
when unused, an issue in various applications. Secondary batteries can also lose permanent capacity
due to cycling. This is the act of charging and discharging the battery, which is considered worn-out
when it has lost >20% of its initial capacity due to cycling. Therefore the cycle life is a significant factor in
the lifespan of a battery. Another factor affecting the lifespan of a battery is the charge time. Consumers
prefer a charge time as short as possible, though fast charging can decrease the lifespan as it stresses
the electrodes, affecting their function. External factors such as overcharging or over-discharging also
affect the lifespan and should be avoided in any battery. The final relevant criterion in batteries is the
cost. This determines whether the battery is suitable for commercial use and is the most significant
factor for the end-users of the device [6].

Due to the good energy density and sufficient power output, coupled with the low maintenance and
adaptability in voltage, current and size batteries are suitable for many applications, especially in EVs,
portable devices and energy storage for the energy transition. This is the reason why the focus of this
study will be on this topic. The lithium-ion battery is currently most prevalent in our society, which is
why this is considered a baseline in battery development [8]. Figure 2.3 shows that a combination of
high specific capacity or high specific power is not possible on the same level as combustion engines.
And while the figure mimplies that fuel cells are more suitable for most storage applications, this type
of cell has a very low volumetric density as opposed to batteries, which is why electrochemical battery
cells are the storage method of choice in portable devices.

Figure 2.3: Simplified Ragone plot of the energy storage domains for the various electrochemical energy conversion systems
compared to an internal combustion engine and conventional capacitors. Reproduced from [6]

2.2. Lithium-ion Battery Limitations
While lithium is seen as the baseline in battery development now, several issues are present for thus
battery type. One of these is the scarcity of lithium. Currently, the supply of lithium is barely enough to
satisfy commercial demands, and it is estimated that the demand will see an increase of 400% by 2050
[9]. While the supply of lithium metal already seems problematic, predictions concerning the cobalt
supply indicate deficits as early as 2030. The fact that 60% of the world cobalt production takes place
in the Democratic Republic of Congo is also troublesome, as the political climate can negatively affect
the cobalt production even further, increasing the scarcity even more. Efforts are made to break free
from the cobalt dependence in electrochemical storage devices; examples are the introduction high-
manganese or high-nickel cathodes [10, 11]. Also other materials have gained traction in the battery
research field. This includes sulfur-based batteries, but also so-called lithium-air batteries, where the
lithium has a redox-reaction with oxygen, and subsequently the involved electrons will be used.
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Several alternative battery technologies have been proposed to replace LIBs as a whole as a parallel
option, though only some are good enough. The possibilities include magnesium and aluminium due
to their high theoretical densities, or sodium and zinc due to their chemistry being similar to lithium
and easy to use [12]. Instead of lithium as charge carrier, other elements such as sodium, mag-
nesium and aluminium are also being looked at. Anion-based batteries are also researched using
Cl– , I– andF– as carriers. Here different operation mechanisms come into play, such as rocking-chair
batteries that use just one atom type as charge carrier similar to the conventional lithium battery.

2.3. Anion-Shuttle Batteries
Modern versions of the anion-based batteries use small ionised halogens as charge carriers, which
are very suitable for conversion such as iodide, bromide, chloride and fluoride [13]. Due to having an
anion carrying the charge, the anodes and cathodes work differently as well. At the cathode a metal-
halogen gets reduced, MXn + ne– −−→←−− M + nX– , and at the anode a metal gets halogenated, M‘ +
nX– −−→←−− M‘Xn + ne– . And as the electric movements in these cells go in the opposite direction of the
anion, the observed effect is the opposite of LIBs. Employing elemental halogens in a battery cell is
difficult due to it being in a highly reactive and gaseous form, but using it bound to a metal and in ionic
state, it was rather manageable. As fluorine is the lightest and most electronegative halogen, this was
used first in a working cell. This caused a chlorine- and subsequently a bromine-shuttle battery to be
realised as displayed in figure 2.4.

Figure 2.4: Timeline of the development of anion-shuttle-based batteries. PC, EC, and DEC represent propylene carbonate,
ethylene carbonate, and diethyl carbonate, respectively. Reproduced from [13]

Fluoride ion batteries (FIBs) gained ground in 2011 when a suitable LaF3-BaF2-KF derived solid-state
electrolyte, La0.9Ba0.1F2.9 became available to form the first FIB cell using BiF3 that yielded a capacity
from 131 mAh/g to 50 mAh/g after 50 cycles [14, 15]. Due to fluoride ions being relatively conductive in
several compounds and being able to produce high potentials, these cells immediately attracted more
attention. It also opened the door to further research on different halogens as well.

The emergence of the FIB in 2011 prompted the development of a similar chloride ion battery (CIB)
in 2014 [16]. The key challenge here was finding ion-conducting materials as well, and while the
cubic CsSnCl3 has an ionic conductivity of 1mS/cm at 100°C, the electrochemical stability is lacking.
Therefore using BiCl3 and a mix of organic electrolytes was used to obtain a usable discharge capacity
of 120 mAh/g in the first cycle, and 60 mAh/g in the third. The CIB was improved over time, and 7
years later, an aqueous cell capable of more than 4000 cycles using a zinc anode and graphite paper
as the cathode, with a capacity of 200 mAh/g at 2.0V [17]. Adding lithium fluoride increases the cycle
life to 10’000. A solid-state cell was manufactured using BiCl3 as cathode, lead (Pb) as anode, and
Pb0.98K0.02Cl1.98 as electrolyte [18]. This cell was able to cycle over 30 times at 187 mAh/g, which was
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better than previous reported solid-state CIBs, and was hampered mostly by the electrolyte which was
not stable enough to function properly.

Later research also enabled the development of the rechargeable bromine ion battery (BIB). In 2020
a proper BIB was realised that could have a capacity from 175 mAh/g to 141 mAh/g after 3000 cycles
[19]. Using zinc foil as the anode and carbon black as the cathode, this was one of the first aqueous
cells to harness adsorbed bromine with an NH4Br ethylene glycol electrolyte. This was one of the
first demonstrations of using an adsorption mechanism to enhance the operation of halogen-shuttle
batteries, preventing elemental bromine from being formed while still using the higher energy of this
material.

Of all these examples using anion-shuttle batteries, FIBs seem the most promising, having the most
abundant halogen, highest electronegativity and best possible diffusivity. As seen in figure 2.5, this all
gives rise to this battery-type to exhibit theoretical volumetric energy densities past the scope of lithium
and post-lithium batteries currently under consideration [20]. This is a reason to look deeper in this
technology and due to even more relevant breakthroughs in room-temperature electrolyte material for
this battery in 2021, research will be even more focused on this promising battery type [21].

Figure 2.5: Comparison of theoretical volumetric and gravimetric energy density of different battery technologies. Reproduced
from [13]

2.4. Fluoride Ion Battery
Fluoride-ion batteries (FIBs), also called fluoride shuttle batteries (FSBs), were just discussed as being
a promising post-lithium alternative battery. This is not only due to the current issues and limits of
current lithium-based batteries, but also because other alternatives suffer from ionic transport issues
(Mg2+ Al3+), have a low volumetric capacity (M-Sulfur), are too reactive and dangerous (lithium-metal)
or suffer from cycling issues (Metal-air) [22, 23, 24, 25]. Since the fluoride shuttle based battery was
reported in 2011, it gained much interest [26]. Not only for the fact it retained the elements that made
LIBs so successful, but also because it is not dependent on the same technology to be lucrative. To
sketch an image of the properties that make FIBs so attractive as high energy density battery, keep the
following in mind [27].

First of all, where lithium is a strongly electropositive element, fluorine is the most electronegative ele-
ment in the periodic table. This makes that most reactions utilising these elements often yield significant
changes in the Gibbs free energy, and redox reactions are accompanied by high potentials. These high
voltages contribute to the energy density of the material. Due to the electronegativity, fluorine also has
a high oxidative stability, allowing high-temperature operation without unwanted oxidation. This also
contributes to the safety of FIBs, as high temperatures are dangerous for most LIBs. There is also no
other property that makes fluoride more dangerous compared to others. The small ionic radius con-
tributes to its high ionic conductivity in a wide array of materials. It is also easy to intercalate or insert in
host materials without causing significant stress to host materials. This small size also allows multiple
fluoride ions to bind with multivalent metals simultaneously, allowing for high energy density per metal
atom. Finally there is the abundance, which is fifty times that of lithium. This eliminates concerns about
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future supply as well as availability, as the main raw material for fluoride is Fluorspar (CaF2), and most
of the world reserves for this are present in Mexico, China, South Africa, Mongolia, and Spain [20, 28].
Due to all these advantages, FIBs seem to have a high potential and since the first validation of this
battery in 2011, many have worked to evaluate different electrode materials and electrolyte materials
for this concept.

2.5. Fluoride Ion Battery Electrolytes
To utilise fluoride in a battery cell, a proper electrolyte is needed. This means sufficient conductivity at
room temperature, a wide electrochemical stability window and preferably no rare earth metals used.
While in the 1980s a solid-state galvanic cell was made using a fluoride-conducting electrolyte, only
in 2011 a proper secondary battery cell was realised showing reversibility at 150 °C [26]. This was
done using LaBaF3 [14]. This material had a Tysonite structure, (MF3, M = La, Ce), as these are
known for their fast fluoride conducting properties of 10-6 S/cm at room temperature along with Fluorite
(MF2, M = Ca, Sr, Ba). However, this conductivity is only found in single crystals, and poly-crystalline
structures of this material were only able to achieve a conductivity up to 10-8 S/cm. Doping these
Tysonite structures with Ca2+, Sr2+ andBa2+ enhanced the ionic conductivity substantially. And it was
found that La0.9Ba0.1F2.9 was capable of a conductivity of 2.8 · 10 –4S/cm at 160 °C [14]. This decreased
to 2.6 · 10 –6 S/cm at room-temperature. This was a big step forward in the development of FIBs, as
this opened the possibility to investigate the other components of the battery cell.

Until 2017 improvements were made on the Tysonite structure, which yielded La0.95Ba0.05F2.95, sintered
at 800 °C for 20 h. This MaMbFx solid solution was capable of a ionic conductivity of 1.26 · 10 –4 S/cm
at 60 °C [1]. This was probably due to lesser impurities and better growth of the Tysonite phase. This
resulted in better capacity retention of the cells, and a lower voltage hysteresis compared to cells
using ball-milled electrolyte mentioned earlier. Then in 2018 for the first time a room temperature solid
electrolyte was demonstrated using tetragonal BaSnF4 [29]. This material was synthesised using ball-
milling, and exhibited a conductivity of 3.5 · 10 –4 S/cm at room temperature. This is comparable to the
conductivity of the LaBaF3 electrolyte at 60 °C. It is interesting that these materials, along with PbSnF4,
were not investigated earlier as their ionic conductivity was known for at least ten years by then [29].

Despite these impressive results, the ESW seems to be insufficient to work properly in a Sn/BiF3 cell
however. Along with these solid-state developments, liquid electrolytes were also researched, due to
their intrinsically higher conductivity and these materials are more able to accommodate for the huge
volume changes induced in the electrode materials upon reaction. The biggest issue for these liquid
electrolytes is the fact that fluoride salts tend to dissolve in non-aqueous solvents and aqueous solvents
are not stable enough due to H2 andO2 evolution, as well as HF2 – formation [30]. Fluorohydrogenate
ionic liquids have been reported in 2021 with a conductivity of 0.1 S/cm that were able to obtain a
capacity from 444 mAh/g to 167 mAh/g for 20 cycles, while another cell in 2021 using aqueous KF was
able to demonstrate 218 mAh/g to 90 mAh/g after 1000 cycles [30]. Both of them suffer from capacity
loss due to dissolution of the material into the electrolyte or degradation of the electrodes due to the
conversion reactions.

However, in 2022 an article was released demonstrating the properties of CsPb0.9K0.1F2.9, also called
PK10 [21]. This is a compound combining a high electronic conductivity of 1.23 · 10 –3 S/cm at room
temperature with an ESW with a width of 1.8V, as depicted in figure 2.6. The conductivity is twice
that of previously known electrolytes, and the ESW almost 4 times as large. Despite the fact this
material contains cesium, more expensive than gold, the PK10 electrolyte opened the pathway to new
development in FIBs, and this will be exploited as much as possible.
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Figure 2.6: Electrochemical stability window of the PK10 electrolyte vs PbPbF2 and the phase equilibria. Reproduced from [21]

2.6. Anode Materials
Possible conversion anode materials for FIBs are generally metal fluorides [20]. This comprises of
CeF3, MgF2, CaF2, PbF2, ZnF2, and MnF2. Most of these materials are capable of conducting fluoride
ions and are composed of electropositive metals. They are also at least divalent, as this inhibits the
solubility of the metal ion in the electrolyte. Properties of these materials are further explained below.

The initial 2011 experiments with FIBs used cerium metal as anode [26]. This is mostly due to the
Tysonite structure which facilitates the fluoride conduction due to its vacancy-mediated mechanism.
The high melting point of cerium, 795 °C also makes this material a good option for high temperature
applications. Further applications have been tried, although most applications of these materials seem
to be electrolyte oriented as well as for LaF3. It does suffer from a volume expansion of more than 56%,
which makes it less ideal [31].

Most new cathodes or electrolytes are currently tested with a lead anode, which has been studied
frequently [32, 33]. This is because PbF2 conducts fluoride ions properly, and it has a low melting point
which prevents formation of amorphous crystallite structures that hamper this conductivity [34]. What
makes the lead also a good anode material, is its non-polarizing electrode behaviour, as the potential
is constant due to the two-phase routine of the reaction. However, this is true for most metal fluorides
opposed to intercalation electrodes such as LiCoO2 andLiC6 [35]. It also shown that instead of using a
pure lead anode, a composite consisting of both Pb and PbF2 shows better reversibility, higher voltage
and higher capacity [36]. This should be taken into account when designing a full electrode as well.
In the end, it is disputable whether lead is a proper anode material for commercial FIBs. While the
properties are favourable, lead is harmful to the environment. Despite this, lead is used in this project
due to its consistent behaviour.

2.7. Intercalation Cathode Materials
Intercalation cathodes have the advantage of having a more stable host structure. This generally leads
to higher reversibility, better cycling stability and better transport kinetics, but comes at a lower capacity
cost. It has to be noted that the search for proper intercalation cathodes for FIBs has been a struggle,
as the intercalation mechanism of anions is inherently different from the more studied intercalation of
cations, as in LiCoO2. The most relevant progress concerning intercalation cathodes for FIBs has been
made in the past 5 years [20]. Starting with lanthanum-basedmaterials with a perovskite structure, after
which in later years different options were explored with tunnel-like structures, pyrochlore and MXenes.

Shortly after the release of the LaBaF3 based FIBs, a setup using BaFeO2.5, a perovskite, was tried [37].
The structure and oxidation of this material was well-understood and therefore chosen to attempt. The
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material was experimentally fluorinated using F2 gas to provide evidence it was possible electrochemi-
cally fluorinate this material. While the gaseous reaction was successful, the electrochemical reaction
was only yielding a reversible capacity of 5 mAh/g. This indicates that a small part of the intercalated
fluoride ions could be extracted. The maximum capacity of this materials was also very low, only 55
mAh/g.

This study was followed by using LaSrMnO4 as intercalation material for FIBs [36]. It showed a step-
wise intercalation reaction, like in figure 2.7. First LaSrMnO4F was formed, and then LaSrMnO4F2– x. It
was capable of a reversible capacity of 20 mAh/g, which is still relatively low considering the theoretical
capacity is 155mAh/g, but still better than the BaFeO2.5. One of the culprits for unsatisfactory discharge
capabilities is the higher discharge overpotential needed for proper defluorination. The carbon additives
in the anode are also speculated to be at fault for this. This study also has several other interesting
points, due to the manganese in this structure being oxidised. It is demonstrated that more than one
fluoride can be intercalated per active transition metal (Mn), a phenomenon rarely observed in lithium-
intercalation systems. This possibly opens the path for more efficient intercalation systems. A later
study using La2CoO4 demonstrated an even higher capacity of 32 mAh/g of the theoretical 133 mAh/g
with 25% capacity retention after 50 cycles [38]. The structure of this material is a so-called Ruddlesden-
Popper type. This being a form of a perovskites, is known for its low-temperature fluorination chemistry.
An even more improved version of this structure replacing cobalt with nickel obtained a cycle life of
>200 cycles [39]. This was partially due to setting cut-off charge and discharge capacities, preventing
the core-structure from being damaged as much.

Figure 2.7: K2NiF4 type structure of LaSrMnO4 (left) in comparison to partly fluorinated LaSrMnO4F (middle) and fully
fluorinated LaSrMnO4F2 (right). Reproduced from [32]

The SEI formation plays an equally important role as demonstrated byWang et al. [40]. This was known
for other compounds and electrode materials already, but maybe adding an artificial SEI might be a big
solution in obtaining more capacity from the currently tested materials. This interface is directly affected
by volume change of the intercalation material itself. This is why last year in 2022 another Ruddlesden-
Popper structure was tried. Sr2MnO3F. The lower volume expansion of this material, 3% opposed to
the 6.2% of the LaSrMnO4, prevents a damaged SEI formation this leads to a better power density
overall. Another factor is the fluorination mechanism itself. Where LaSrMnO4 follows a two-phase
reaction, the Sr2MnO3F is fluorinated forming a solid solution. This reaction expands more smoothly
due to homogenisation of the surface as seen in figure 2.8. Due to the favourable properties, this type of
intercalation reaction is favoured over the two-phase reaction observed in other intercalation materials
as well.
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Figure 2.8: Schematic illustration of the volume changes and phase transition models during the charging process for (a)
LaSrMnO4F and (b) Sr2MnO3F2. Reproduced from [40]

Finally it has to be noted that not every perovskite is suitable as cathode material. Not due to a low
potential that would make it more suitable as anode material, but due to a total structural transformation
that occurs as the fluoride ions are not able to intercalate in the expected sites in the structure. One
example is ReO3, where the fluoride anions do not intercalate solely in the A-sites as seen in figure 2.9,
but also in the X-site, causing it to form tet-FReO3 [41]. This was observed using X-ray absorption
spectroscopy and neutron scattering. This type of intercalation is not reversible, and these types of
structural transformation should be taken into account when considering a new intercalation anode for
FIBs by using DFT calculations beforehand to avoid these materials.

Figure 2.9: Various models for the fluorination of ReO3 that are considered throughout the text with Re shown in red, oxygen in
orange, and fluorine in blue. Reproduced from [41]

To further increase the current knowledge about potential intercalation materials, other research has
been carried out [42]. Using tunnel-like structures, Zaheer et al. demonstrated reversibility of a FeSb2O4
structure. Almost total fluorination with the help of XeF2 could be achieved, oxidizing most iron atoms
from +2 to +3. Using X-ray spectroscopy and XANES, it could be observed that this process proceeded
homogeneously through the whole material. Defluorination using n-butyllithium was able to fully deflu-
orinate the structure afterwards. This shows that theoretically this structure should be able to function
as anode material. Another benefit of this research allows assessing the potential of a material to be
a suitable electrode for FIBs without building a full cell. This lets the experimental procedures not de-
pend on a proper counter-electrode, providing higher clarity whether the functioning of the material is
just dependent on itself.
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Other relevant developments include exploration of defect structures such as defect pyrochlore CsMnFeF6
[43]. As pyrochlores are known for high ionic conductivity but ordered anionic vacancies. This should fa-
cilitate fluoride intercalation. The material was synthesized in three different manners: Hydrothermally,
ceramically and mechanochemically. It was observed that hydrothermal material cycled very poorly,
the ceramic material cycled poorly and only the mechanochemical material yielded near theoretical ca-
pacity. This is interesting as these particles did have the biggest deviation in size. Understanding how
the fabrication method affects the morphology and thereby the performance of the materials is modi-
fied. Also interesting in this study was the structure change from pyrochlorite to a more orthorhombic
arrangement. This did not significantly affect the properties however, and XAS indicated that the iron
and manganese still were able to be active during cycling. It is unclear however how this structure
transformation did not change the conductivity, despite lattice sites changing along with the discharge
profile.

Finally MXenes are explored, two-dimensional materials that consist of thin layers of transition-metal
carbides, nitrides and carbo-nitrides [44]. The structural formula of these materials is Mn+1Xn where
X indicates carbon or nitrogen. These material are known for their impressive mechanical flexibility,
significant strength and high conductivity. They have proven themselves to be promising electrode ma-
terials for LIBs, but this was not investigated for FIBs until 2022. Then Yang et al. used computational
methods to assess the viability of this material. Looking at the maximum adsorption concentrations
for the fluoride ions on the surface of the tested material, Ti2CH2 and V2CH2, it was found that the
respective capacities were 488 mAh/g and 462 mAh/g. these were comparable to the capacity of ad-
sorbing lithium ion on similar carbides. Of these materials, the diffusion barrier was also evaluated and
was found to be 0.31 eV for both materials, which is better than that of LiCoO2, with 0.4 eV. Both DFT
and ab initio molecular dynamics (AIMD) demonstrated that not only the fluorinated counterparts of the
tested materials would be stable up to 500K, but also that the mechanical strength seems sufficient at
accommodating volume change stresses in the material. And while this material has not been physi-
cally tested yet, just as the intercalation anode materials, it seems to have promising properties to be
used as cathode material for FIBs, but much research has to be done to do a better prediction of the
future of this material in FIB electrodes.

From these recent developments in the field of intercalation cathodes for FIBs it can be concluded that
current research ismostly focused on exploring different types of materials first, and trying to understand
the underlying mechanisms instead of trying to improve the existing materials. This is mostly due the
relatively low cycle lives and CE that is observes in the tested materials, but also due to the fact that
the capacities of the tested materials are not very high. This trend is likely to be observed for the
coming few years until a suitable materials is found that can has potential as FIB intercalation cathode.
The increasing attention that FIBs get over time should also be considered, as this will accelerate the
research intensity in this topic, leading to a higher likelihood of finding better materials in short term.

2.8. Conversion Cathode Materials
As cathode material for FIBs both metal fluorides and metal oxyfluorides have been researched and
tested. This is slightly different from LIBs where the focus lies mostly at the metal oxides and only
recently on metal oxyfluorides as well. Just like the other electrode materials, conversion cathode
materials for fluoride ion batteries have gained increasing popularity over the last years. As BiF3, CuF2
and FeF3 have been tested in lithium ion batteries, they have also been tried in FIBs due to their
promising results in the other battery type. Naturally earlier experiments used a material that was
known for its reversibility and XRD detectability, therefore the cell made in 2011 by Reddy and Fichtner
was made using bismuth fluoride (though CuF2 was also tested) [15]. With a theoretical capacity of
302 mAh/g, 38 cycles were achieved where the capacity faded gradually from 190 mAh/g to 50 mAh/g.
It was interesting to note that a BiF3 solid solution performed better with an initial discharge capacity of
190 mAh/g, while a composite BiF3 only yielded 126 mAh/g. A higher fluoride conductivity in the solid
solution might be an explanation. Later research on this material pointed out that not only the redox
couple BiF3/Bi is active, but that through the retained oxygen in the bismuth particles also oxyfluorides
were formed upon fluorination in a gradient seen in figure 2.10 [45]. As this oxyfluoride is conductive
to fluoride ions, this does not seem to affect the cyclability of this material significantly. It might even
contribute to the reversibility by allowing a higher degree of fluorination according to quantitive PDF
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analysis and computational methods. Even more, this research opened the path to look at oxyfluorides
as electrode materials for FIBs.

Figure 2.10: Schematic of the proposed mechanism for the fluorination of the starting Bi powder presenting an oxidized
surface. Reproduced from [45]

BiF3 seems to have several issues however, it seems to react with certain types of electrolyte, and the
volume expansion of 134% upon fluorination is not favourable at all, calling for methods to mitigate
effects of this [46]. This material was tried in DIBs as well, where it yielded varying results, and the
formation of oxyfluorides was observed there as well with XRD [47, 48]. The performance of this
electrode was enhanced in 2019 by using carbon additives. This not only facilitated conductivity, but
the preparation method caused smaller particles, that significantly enhanced the cycling capabilities of
the material as well. This would then be used in subsequent electrode materials as well, as it doubled
the capacity and smoothed the voltage plateau as seen in figure 2.11 [49]. And as follow-up on that
research an electrode using a highly-binding binder was used, this improved the material properties
even further, enhancing the cycle performance [50]. It has to be noted that all these methods tried
to improve the currently existing BiF3, which makes sense from a perspective where one would try to
understand the behaviour of metal fluorides. But while BiF3 is easily detectable using X-ray techniques,
the high mass and low theoretical capacity are not practical in commercial applications.

Figure 2.11: Discharge and charge curves of BiF3 and BiF3/C over the potential range between -2.0 and -0.3 V (vs. ref.) in the
first cycle. Reproduced from [49]

As demonstrated by Grenier at al. in 2017, oxyfluorides formed during cycling of the bismuth fluoride
cathode do not hamper the functioning of the cell [45]. On the contrary, it seems that the multiple
oxyfluoride phases present the material actually seem to facilitate the processes in the cell, as the
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oxyfluorides exhibit a greater fluoride ion conduction than the metal fluorides. It has to be noted that
the oxygen atoms do not diffuse, which is a very important aspect, as that means that this material can
actually be used as an electrode material itself. A ternary fluoride Bi0.7Fe1.3O1.5F1.7 was synthesized

and used as cathode material for FIBs, which is depicted in figure 2.12 [51]. This has a theoretical
capacity of 166 mAh/g, although a charge and discharge capacity of respectively 225 mAh/g and 360
mAh/g were observed, which are probably caused by (de)fluorination of acetylene black. No further
cycles could be measured. Also other bismuth oxyfluorides have been investigated. And one of these
is Bi7O5F11 [4]. This has the benefit of being 5 times more electronically conductive as the normal
bismuth fluoride as was demonstrated earlier, 1.6 · 10 –4 S/cm. This material has a theoretical capacity
of 168 mAh/g and could be cycled up to 50 times where the capacity decreased to 113 mAh/g from 178
mAh/g. This was almost three times as much retention as a similar cell with BiF3 as cathode material.
This is comparable with results that were obtained with the PK10 electrolyte and Ag/Pb/PbF2 electrodes
[21]. This would be considered an indication for oxyfluorides being a promising class of materials for
electrode materials, the decent cycling stability.

Figure 2.12: Crystal structure of BFOF. Bi, Fe, F, and O atoms are represented as purple, blue, red, and green spheres,
respectively. Reproduced from [51]

As mentioned before, bismuth is a relatively heavy metal, and a higher atomic weight is tied with a
lower gravimetric capacity. That is why another option has been explored: Cu2OF2 [5]. This material
has a theoretical capacity of 296 mAh/g, and the cubic lattice has a high copper content, which is
active redox material. It was demonstrated that the first discharge capacity was 174 mAh/g which
faded to 103 mAh/g after 35 cycles. It is unclear how this material evolves during the conversion. It
is known that the fluoride ions probably first take up the space in the tetrahedral site of the Cu-fcc
sub-lattice, demonstrated in figure 2.13a. But four structures can form, seem probable according to
calculations, figure 2.13b. The issue is that none of these are thermodynamically stable, which would
imply that Cu2OF2 would convert back to CuF2 and CuO when it is formed. The XAS spectra taken at
the experiment do not eliminate the possibility of such a phase forming, and upon further cycling the
material might fully lose its oxygen, converting to sole CuF2. This is something that should be studied
in further experiments.
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Figure 2.13: (a) Probable tetrahedral sites and (b) configurations for F intercalation. Reproduced from [5]

Where in LIBs the possibilities of BiF3, CuF2 and FeF2/FeF3 were tried, a similar line of materials was
observed in recent FIB developments. The same for oxyfluorides, where BiOF and Cu2OF2 have been
explored. However, in LIBs iron oxyfluorides have been explored already, and have shown good cy-
clability, stability and they seem like promising materials. This material has not been tested on fluoride
ion batteries yet, despite the promising properties such as high abundance, low cost and higher po-
tentials compared to the earlier tested Cu2OF2. One iron oxyfluoride material that has been tested, is
Sr3Fe2O5F2. This material uses the redox-reactions of iron from Fe2+/Fe3+, which is the same as would
be used with FeOF. There are a few differences however, as FeOF is a conversion electrode with a
theoretical capacity of 295 mAh/g, Sr3Fe2O5F2 is an intercalation electrode with a theoretical capacity
of 118 mAh/g, significantly lower. Although it was capable of retaining a capacity of 116.7 mAh/g for
70 cycles, the capacity is too low for commercial applications [3]. Therefore, due to the higher capacity
caused by a lower amount of structural atoms, FeOF is a more promising material.

2.9. Objective
The main goal of this research is to evaluate the eligibility of FeO as cathode material for fluoride ion
batteries. To do so, the material must be able to be fluorinated and defluorinated for a significant part
of their theoretical capacity. To investigate whether this is feasible, the following research questions
are poised:

• To what degree can FeO be electrochemically fluorinated in a solid-state battery cell environment?
• Find an adequate and feasible route for the synthesis of FeOF
• What is the influence of the Pb/PbF2 anode and PK10 solid-state electrolyte that are used in
conjunction with the iron oxides or iron fluorides?

• What is the effect of any side-phases present in the materials?
• To what degree can FeOF be electrochemically defluorinated in a solid-state battery cell environ-
ment?



3
Methodology

3.1. Pb/PbF2 Composite
The cathode material will vary, and therefore a constant anode material is used throughout the project.
This concerns a lead-lead(II)fluoride composite as this has been reported several times already, and
seems to provide a consistent performance. The precursor materials consisted of PbF2 (Merck, 99%
purity) which was combined with elemental lead powder (Alfa Aesar, 99.9% purity) and ground in a
mortar for 10 minutes with carbon nanotubes (Merck, 98% purity) and the PK10 electrolyte in a weight
ratio of 15:15:10:60 for Pb:PbF2:carbon:PK10. This active material composite was fabricated up to five
times with consistent quality. Having a capacity of 0.03 mAh/mg. The PK10 electrolyte is added in
the composite to ensure proper ionic conductivity of the electrode, as the active material itself has a
low ionic conductivity. The carbon nanotubes are added to ensure sufficient electronic conductivity to
perform the electrochemical defluorination of the lead fluoride component. Due to the presence of lead
metal, this same composite is also used for the defluorination of the synthesised FeOF material.

To ensure no changes occurred during production of this active composite material, and the precur-
sors were pure, the structure of the active material and precursors was characterised using XRD. No
monochromator was needed for these measurements due to the absence of iron.

3.2. Ball Milling
To synthesise a material, different techniques can be used. However, most of these conventional meth-
ods are limited by the products they can yield; often only thermodynamically stable compounds can
be fabricated. Several meta-stable ceramic materials exist with desired properties such as nanocrys-
tallinity or non-equilibrium local structures. This is commonly necessary in solid-state electrolytes and
specifically fluoride-ion conducting materials [52]. To access these special materials, mechanochemi-
cal synthesis is one of the methods that can be used, specifically ball milling. This is used in this project
for solid-state electrolyte synthesis, mainly PK10: CsPb1– xKxF3– x.

The operation of a planetary ball mill, a common type of high-energy ball mills, involves the counter-
rotation of the supporting disk and the ball mill jars, placed on independently rotating disks as seen in
figure 3.1. The milling tools, jars and balls, are made of materials that resist degradation and contami-
nation such as hardened steel, zirconium dioxide, or tungsten carbide balls. The machine needs to be
capable of speeds up to at least 500 rpm for the synthesis. There are two types of ball milling available;
wet and dry milling [52]. The latter is commonly used in the synthesis of solid-electrolytes.

16
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Figure 3.1: Illustration of the milling tools and the principle of operation of a planetary mill. The colored arrows indicate the
counter-rotation of the supporting disk (rotd) and the milling beakers (rotb). Reproduced from [52]

The process of ball milling itself involves the mechanical treatment of several starting materials in high-
energy ball mills [53]. The centrifugal forces produced by the rotating beakers and counter-rotating
supporting disk accelerate the milling balls, causing them to move across the beaker and impact the
opposite side. This high-impact force grinds and erodes the starting material through shear and friction
forces. The individual particles of the starting material undergo continuous size reduction, resulting in
increased surface area and the formation of defects, as the irregular and fast movement of the milling
balls generates spots of high pressure and temperature for a very short duration. While the milling is
carried out at room temperature and ambient pressure, these localised hot-spots resemble high synthe-
sis temperatures or pressures. Therefore, thermodynamically unfavourable structures can be formed,
and the corresponding properties of high-temperature or high-pressure phases can be preserved in the
synthesised product.

The selection of milling conditions, including milling time, rotation speed, milling jar material, and the
number andmaterial of the balls, all affect the outcome of the final product [53]. Longer milling times can
close miscibility gaps and yield solid solutions that are otherwise challenging to prepare. In crystalline
materials it also reduces grain size. However, after a certain milling time, the particles get so small,
they start clustering, which leads to unfavourable effects in some materials. The ability to access non-
equilibrium phases and unique local structures is particularly beneficial for materials with enhanced
properties and functionalities. The rotation speed should be sufficient to allow the balls to impact with
enough energy to induce synthesis of the desired material. Too high rotation speeds also start eroding
the milling tools, and should be avoided to prevent contamination of the final product.

3.3. Electrolyte Synthesis
Currently, several solid-state electrolytes are available for FIBs. While PbSnF4 is capable of reaching
a conductivity of 1.6 · 10 –3 S/cm at room temperature, the electrochemical stability window (ESW) is
very small. Therefore the electrolyte used in this project is CsPb1– xKxF3– x with x = 10, also known
as PK10 [2]. This is a compound combining a high electronic conductivity of 1.23 · 10 –3 S/cm at room
temperature with an ESW with a width of 1.8V. The conductivity is twice that of previously known
electrolytes, and the ESW almost 4 times as large. Despite the fact this material contains cesium,
more expensive than gold, the PK10 electrolyte is an outstanding solid-state electrolyte.

A total of five batches of this material were prepared through ball milling of this material. The starting
materials were CsF (VWR, 99.5% purity), KF (VWR, 99%) and PbF2 (Merck, 99% purity). These
precursors were dried and stored in a MBRAUN UNIlab glovebox filled with 1 atm (Linde) argon. A
mixture of 1488 mg CsF, 2162 mg PbF2 and 56 mg KF was put in yttrium-stabilised ZrO2 ball mill
jars (45 ml) at a ball to powder ratio of 1:20 using 10mm balls of the same material under the argon
atmosphere. The milling was conducted using a planetary mill (FRITSCH, Pulverisette 7 premium line).
First the material was milled at 100 rpm for 10 minutes, mixing the material. After this, the material was
ball milled at 500 rpm alternating 10 minutes milling with 10 minutes rest, completing 48 cycles. This
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results in a total milling time of eight hours. The electrolyte was extracted and stored in the glovebox
under an argon atmosphere.

To assess both the electrochemical impedance and the electrochemical performance, an experimental
custom solid-state cell is used. It consists of two stainless steel disks with holes for impedance mea-
surements. The centre of these disks contains a socket for a stainless steel current collector cylinder.
A non-conducting, tubular sleeve with an inner diameter of 10 mm encases the current collectors, and
this whole system is bolted together with three non-conducting bolts. The material to be tested is lo-
cated within the sleeves, between the current collectors. The assembly of this system is dependent
on whether a full cell, or just electrolyte is tested. The procedure for electrolyte testing is schematically
depicted in figure 3.2.

Figure 3.2: Schematic representation of solid-state cell. a) Putting powdered PK10 solid-state electrolyte in cell b) press cell at
50 bar for 5 minutes

The ionic conductivity of the electrolyte material was assessed using EIS. To do so, still under an argon
atmosphere, 200 mg of the material is pressed into a pellet into the experimental solid-state cell using
a Syrio Dental P400 hydraulic press. First the pressure was ramped up to 50 bars over the course of 2
minutes. After that, the pressure was kept at 50 bar for 5 minutes after which the bolts were tightened.
As the cell is airtight, it could be removed from the glovebox and and EIS measurement could be
conducted. For this, an Autolab PGSTAT302N potentiostat was used and the electrolyte resistance,
R∞ was determined as well as the the combined electrolyte plus electrode resistance, RP + R∞. This
is explained in section section 3.8. The structure of this material and its precursors was subsequently
characterised using XRD.

After this, the pellet thickness is measured using a Mitutoyo Digital Thickness Gauge ID-C112B. Using
the pellet’s thickness, its impedance and diameter, the electronic conductivity of the material can be
calculated using the formula of σ–– l/RP ·A. With σ being the conductivity of the electrolyte in mS/cm,
l the thickness of the pellet, RP the electrochemical impedance of the electrolyte and A the surface of
the sample in cm2. A is this project always 0.785 cm2 as the surface of of the current collectors has a
fixed diameter of 1 cm.

Using this procedure, the electrolyte composition and ionic conductivity will be obtained. This is needed
to determine whether the synthesised material is suitable to be used as electrolyte in a full cell. This is
also to compare the impedance, and therefore ionic conductivity, of a full cell with the virgin electrolyte.

To obtain information regarding the electrochemical stability window (ESW), a composite was con-
structed in a similar manner as the Pb/PbF2 composite, except that the active materials is the PK10
itself. Therefore, PK10 was ground in a mortar for 10 minutes with carbon nanotubes (Merck, 98%
purity) with a ratio of PK10:carbon of 90:10. All of this in was prepared in a MBRAUN UNIlab glovebox
filled with 1 atm (Linde) argon. This composite will be referenced in this work as the eletrolyte carbon
composite (ECC).
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3.4. FeO Composite
The investigated active materials are ferrous oxide, FeO, and iron oxyfluoride, FeOF. A composite
containing was also tested to assess its charging potentials along with evaluating the stability of the
electrolyte and the use of different preparation methods to form the composite material needed for cell
construction. The FeO will be investigated to assess its possibility to be fluorinated, while the FeOF
will be attempted to be electrochemically defluorinated in this study. Both materials are incorporated in
composites with solid-state PK10 electrolyte materials and carbon nanotubes to enhance the ionic and
electronic conduction of the electrode.

The FeO composite is fabricated in a similar manner as the Pb/PbF2 composites. For FeO three
batches were synthesised. The first batch used FeO from Merck, 99.9% purity, the two later batches
used FeO from Thermo Fisher, 99.5% purity. Characterisation pointed out that Thermo Fisher supplies
FeO in higher purity. The other precursor materials consisted of carbon nanotubes (Merck, 98% purity),
and a PK10 electrolyte. The materials were added to, and ground in a mortar for 10 minutes in a weight
ratio of 30:10:60 for FeO:carbon:PK10. This was done under argon to protect the PK10 electrolyte
and prevent reactions with moisture and oxygen in the air. To enhance the ionic contact between the
iron particles, one other composite was synthesised using ball-milled (6 hours, 250 RPM) FeO. This
same protocol, except ball-milling was followed for the iron oxyfluoride, an the FeO is replaced with the
synthesised FeOF. One batch was made of the FeOF composite.

To calculate the capacity and open circuit voltage (OCV) of the synthesised composites, two calcula-
tions were used. To calculate the specific capacity in mAh/g of the material, the following equation is
used:

Specific capacity =
n · F
3.6 ·M

Where n is the amount of electrons, and therefore F– ions transferred, F is the Faraday constant in sA/-
mol, 96485, and M is the molar mass of the material in (g/mol). These values are displayed in table 3.1.
To obtain the capacity of the composite, this value is multiplied by the fraction of active material in the
composite. 0.3 for the FeO(F)-based composites, and 0.15 for the lead-based composite.

To obtain the OCV of these materials, Gschwind et al. used thermodynamic calculations using the
heat of formation of the involved metal fluorides [31]. This is because the voltage corresponds to a
difference in the chemical potential of fluorine in the different metal fluorides: MFx andM‘Fy . This is
described using the following equation:

OCV(MFx,M
′Fy) =

1
x∆Hf (MFx)− 1

y∆Hf (M
′Fy)

e

Where the heat of formation for the respective fluorides is used, and e is the elementary charge of an
electron. The results of calculations for the different used materials is depicted in table 3.1. The heat
of formation is derived from the Materials Project [54]. Iron fluorides have also been included as there
is residual α-iron present in the FeO precursors. This might lead to a different OCV than expected.

Electrochemical reaction OCV
(V vs Pb/PbF2)

Specific capacity
(mAh/g)

Supplier
(Purity)

FeO −−→ FeOF -0.273 373.0 Merck (99.9%)
Thermo Fisher (99.5%)

FeOF −−→ FeO 0.273 295.0 Synthesised
Pb −−→ PbF2 0 258.7 Alfa/Aesar (99.9%)
PbF2 −−→ Pb 0 218.6 Merck (99%)
Fe −−→ FeF2 0.043 959.8 Merck (99.5%)
Fe −−→ FeF3 -0.177 1439.7 Merck (99.5%)

PK10 −−→ CsPb0.9K0.1 - 205.4 Synthesised

Table 3.1: Overview of the properties of conversion cathode materials. Values are calculated using the formulas mentioned
above and data from the Materials Project [54]
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An overview of all synthesised composites is tabulated in table 3.2. The capacity is depicted in mAh/mg
to make the calculated amounts put into the cells more clear. The lead/lead(II) fluoride composited is
listed twice, as it can both be fluorinated and defluorinated.

Composite Name Active Material Capacity (mAh/mg) Batches Created
ECC PK10 184.86 1

Pb/PbF2 Pb 38.31 5
PbF2 32.71

FeO 1 FeO 111.90 1
FeO 2 FeO 111.90 1
FeO BM FeO 111.90 1
FeOF FeOF 487.7 1

Table 3.2: Overview of all prepared composites

3.5. Scanning Electron Microscopy
To obtain information about particle size of the active material used in the battery cells, or the morphol-
ogy of the composites, a scanning electron microscope (SEM) can be used [55]. This device utilises
electromagnetic lenses to focus an electron beam on the surface of a sample as seen in figure 3.3.
This surface is subsequently scanned to detect the low-energy (<50 eV) secondary electrons that are
emitted from the k-shell of the specimen atoms at the surface. They are collected by a grid, and de-
tected by a scintillator where the signal is converted and amplified to obtain an image of the surface.
The observed contrast is caused by the variations in signal intensity, which is not only dependent on
the topography of the surface, but also on the phase composition of the observed material. This allows
distinguishing between different phases by contrast in some compositions.

Figure 3.3: Schematic representation of a SEM setup. Reproduced from [56]

In conjunction with the SEM, energy-dispersive X-ray spectroscopy (EDS) is often used [57]. This en-
ables elemental analysis of the sample by detecting the characteristic X-rays emmited by the sample
when it is hit by the high-energy electron beam. Using these characteristic X-rays, the elemental com-
position can be determined for a point, line or area of the sample. Elemental mapping, to obtain an
overview which part of the samples contain specific elements, is also possible. This will be used to
verify the composition of the particles of the active materials and composites, as this composition can
affect the electrochemical behaviour.
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To validate the structure of the composite, SEM was used in combination with EDS. A SEM and EDS
image was taken of the rough FeO, the FeO composite, ball-milled FeO and a pressed, used PK10
pellet. To do so, a scanning electron microscope, SEM (JEOL JSM 6500 F) equipped with an energy-
dispersive X-ray spectroscopy (EDS) system (JEOL IT100LA) was used for this. The sample in powder
form was applied on a polydimethylsiloxane (PDMS) composite specimen platform and adhered using
specialised conductive tape. The electron acceleration voltage for SEM analysis was 15 kV, for EDS
this was 20 kV. Measurements were taken at a magnification of both 750x and 4500x. The EDS was
used to identify the separate particle grains observed in the SEM images. Operation of the machine
was according existing protocols.

3.6. Iron Oxyfluoride Synthesis
Ferrous oxide, FeO, can be acquired from chemical suppliers, but this is not true for FeOF. This material
can be synthesised according to two methods, either a solvothermal method, or a modified one.

Method 1 [58]: A modified solvothermal method that involves methanol(Merck, 99.8% purity) and 1-
pentanol (Merck, 99% purity) as co-solvent. 66.8 mg of FeF3 · 3H2O (Merck, 32.3-34.6% Fe) was
added to 2 mL of methanol and stirred until a transparent solution was obtained. This was added to a
45 mL Teflon-lined stainless steel autoclave, 4744 General Purpose Vessel. 24 mL of 1-pentanol was
added and the vessel was heated for six hours at 200 °C. After cooling down to room temperature, the
resulting ochre powder was collected and washed with pure ethanol and dried under vacuum for twelve
hours at 80 °C. This method did not seem to obtain the proper results which is why a second method
was attempted.

Method 2 [59]: This involved 66.8 mg FeF3 · 3H2Obeing added with 27mL of 1-propanol (Merck, 99.5%
purity) in a 45 mL Teflon-lined stainless steel autoclave, 4744 General Purpose Vessel. The mixture
was stirred for five minutes until most powder dissolved, and heated to 200 °C for twenty-four hours.
After being cooled down to room temperature the product was washed several times with pure ethanol
and dried overnight at 50 °C under vacuum.

From both methods, the resulting powder was recovered, dried and stored in a MBRAUN UNIlab glove-
box filled with 1 atm (Linde) argon. Subsequent XRD analysis and Rietveld refinement are conducted
to assess the purity of the synthesised material.

3.7. Cell Fabrication
To determine the properties of the materials, and subsequently galvanostatically charge or discharge
this, a full solid-state electrochemical cell must be fabricated. The empty cell consists of several parts
including a PEEK cylindrical sleeve, two stainless steel current collectors and three non-conducting
metal bolts. The current collectors have custom-fitted slots to attach wires needed for attachment to
the galvanostat and to the EIS device. This is all seen in figure 3.4.

Figure 3.4: Schematic representation of solid-state cell containing all relevant components
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Preparing the full cell is depicted in figure 3.5. 200 mg of the PK10 electrolyte is put into the cell (a),
spread out, and pressed at 50 bar for 5 minutes (b). After this, the respective anode and cathode
composites are placed above and below a layer of PK10 electrolyte (c-e) and the cells were put at 50
bars for 10 minutes to ensure sufficient contact throughout the whole electrochemical system (f). The
pressure was increased incrementally over 2 minutes to prevent damage to the internal parts of the
cell.

Despite careful preparation, errors can occur during fabrication. The most important error is breaching
of pressed electrolyte pellet, figure 3.5g-h. In this case the cell short-circuits and is not suitable for
testing. This can occur during the closing of the full cell, but also upon applying pressure. In this
case, uneven distribution of the electrode composite powders will cause stresses that break the pellet,
figure 3.5g. A misaligned current collector can also cause this, figure 3.5h, which can also cause the
pellet to break, short-circuiting the cell. Because of this, the EIS behaviour of the individual cells is
evaluated to ensure no short-circuiting occurred between the cathode and anode composite of the cell
due to cracking or breaching of the solid electrolyte layer. As the cells are prone to short-circuiting,
these results are not relevant, and these results are not evaluated further.

Figure 3.5: Schematic representation of solid-state cell. a)-f) Steps of cell fabrication. g) Short-circuit induced by uneven
electrode composite distribution. h) Short-circuit induced by misaligned charge collectors.

Several types of cells were constructed to evaluate the electrochemical performance of the separate
materials, they are displayed in table 3.3. The symmetric Pb/PbF2 cells were fabricated to evaluate
whether lead/lead(II) fluoride is a suitable counter-electrode material to test the performance of other
materials against. The ECC cells were made to evaluate the ESW of the cells, to determine whether
the solid-state electrolyte is stable in the voltage region that the FeO is supposed to react according
to the thermodynamic calculations in section 3.4. Then two types using the different FeO composites,
wherein FeO of two separate suppliers is evaluated. Finally a cell that contains a composite of the
synthesised FeOF.

Cell Name Significant Note Cells Created Cells Succeeded
Pb/PbF2 cell Symmetric Cell 6 4
ECC cell 90% PK10 | 10% carbon 2 2
FeO 1 Merck 2 0
FeO 2 Thermo Fischer 2 1
FeOF Synthesised 2 1

Table 3.3: Overview and description of all prepared cell types
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3.8. Electrochemical Impedance Spectroscopy
Electrochemical impedance spectroscopy (EIS) can be used to probe the physical and chemical state
of solid state battery components or the full cell. The information obtained from the measurement
include the ionic conductivity of a material, as well as the ionic transport mechanisms present. This
can be quantified by differentiating between the different contributions to this conductivity by these
mechanisms.

The EIS functions by applying a small perturbation voltage E(t) to a an electrochemical system, like
the the solid-state cells used in this project, and the resulting linear current density j(t) is measured
[60]. This will have the same frequency as the voltage, but its phase and amplitude may differ. The
frequencies used in this project vary between 10 and 10 7 Hz. The ratio between these values is the
impedance, described as:

Z(t) =
E(t)

j(t)

There are two types of EIS: potentiostatic EIS (PEIS) where the input is an alternating voltage, and
galvanostatic EIS (GEIS) where the input is an alternating current. By varying the frequency of the
perturbation, EIS allows for the observation of different processes occurring at different timescales.
Higher frequencies highlight faster processes such as ion migration, while lower frequencies reveal
slower phenomena like diffusion. In PEIS, the alternating voltage input (E(t)) can be expressed as

E(t) = |E|sin(ωt)

With |ΔE| represents the peak voltage amplitude, ω is the angular frequency, and t is time. It is crucial
to ensure that the perturbation amplitude remains small (<50 mV) to maintain linearity and enable
simplified data analysis by avoiding higher harmonic terms and minimising irreversible changes in the
electrochemical system. Subsequently, current density can be represented as:

j(t) = |∆j|sin(ωt+∆t)

With |Δj| being the amplitude of the current density, Δt the phase difference and ωt + Δt the phase
angle (φ). The quantities, E(t), j(t), and Z(t) can be represented as complex numbers, with Z(t) having
real and imaginary components referred to as Re(Z) and Im(Z) or Z’ and Z”, respectively [60]. These
complex representations provide information about the magnitude and phase relationship between the
voltage and current responses. These can be plotted in two different manners as seen in figure 3.6, b) a
Nyquist plot, and c) a Bode plot. An ”equivalent circuit” describes the behaviour of the electrochemical
system as well as possible, by representing internal interfaces as a combinations of capacitors and
resistors. In this case of an electrolyte, where R0 describes the resistance of the wires and contacts of
the system, the R1 andC1 elements describe the interface between the electrode and electrolyte, and
C2 describes a dielectric material.

It has to be taken into account, that the C1 element is generally composed to several resistances [60].
One of those is the electrolyte resistance, and the other is either Warburg resistance, represented by
a 45°line on the right side of the Nyquist plot, because due to the ion-blocking effect, one resistance
part grows bigger linearly, while the capacitance doesn’t change. This would only be the case in a
one-dimensional system however. In a multi-dimensional system this Warburg impedance is replaced
by a constant phase element (CPE). It’s physical meaning is poorly understood, but it helps making
proper fits to simulate the electrochemical system.
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Figure 3.6: a) An equivalent circuit example of electrolyte. b) Nyquist plot of this system. c) Bode plot of this system.
Reproduced from [60]

The Nyquist plot in figure 3.6 puts the imaginary impedance (Im(Z)) against the real impedance (Re(Z))
in a graph. One can observe a symmetrical arc offset from the origin on the x-axis. This offset corre-
sponds to the resistance, R0, which includes resistances from wires and contacts. The impedance at
the end of the semicircle provides an estimation of the electrolyte resistance, while the actual R1 will be
used in final calculations for the ionic conductivity of the electrolyte. This plot is most commonly used
to derive useful data from the EIS measurements.

The Bode plot has the |ZΩ| and phase angle φ against the frequency of the pulses. A plateau followed
by a slope is equal to a semicircle in the Nyquist plot. It is important to note that a Bode plot generally
presents EIS measurements in time, instead of providing static information about the system. This
facilitates relating impedance contributions to their temporal state.

The resistance obtained from the Nyquist plot can be used to calculate the ionic conductivity of the
electrolyte, as the real part of the impedance gives the resistance of the material. Combined with the
thickness and surface of the sample, this yields:

σ =
L

R ·A

Where σ is the ionic conductivity in mS/cm, L is the thickness of the sample in cm, R is the resistance
obtained from the EIS and A is the surface of the sample in cm2.

Electrochemical impedance spectroscopy can be used not only to determine the ionic conductivity as
described in section 3.8, but also to study the electrochemical behaviour. To do so, the electrochemi-
cal cell is hooked up to the ECM10I Autolab using NOVA 2.1 and using a frequency response analysis
(FRA) in a range from 10 7 to 10 1 Hz. The presence of one semicircle plus a 45° line is characteristic
for a cell containing solely electrolyte, while the presence of a second semicircle indicates a second
process happening in the cell. These systems are studied after measurement using the NOVA soft-
ware to generate an equivalent circuit and a subsequent electrochemical circle-fit. Where the seperate
elements of the electrochemical circuit imitate the observed semicircles and lines in the Nyquist plot.

3.9. Galvanostatic Charging and Discharging
A commonly used and straightforward technique to assess the electrochemical behaviour of a battery
cell is galvanostatic cycling. This destructive technique involves monitoring the voltage and charge
evolution during repeated charge and discharge cycles, with the current incrementally increased. This
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cycling protocol allows for the extraction of various important parameters for battery characterisation,
including capacity and coulombic efficiency. Additionally, polarisation, hysteresis, and overvoltage phe-
nomena can be observed to estimate the battery’s performance.

To gain a more detailed understanding of electrochemical processes occuring during (dis)charging, it
is common to utilise a potential vs. capacity representation, particularly focusing on an isolated cycle.
This representation serves as a useful starting point for analysing the relationship between the electrode
potential and the corresponding capacity changes, providing valuable insights into the electrochemical
behaviour of the system. Especially as this curve provides insights into phase changes that occur
during (dis)charging.

A voltage capacity curve consists of several regions of interest. These are displayed in figure 3.7.
This includes the Ohmic drop at (1), which is an overpotential occurring at the beginning of charging
[61]. It is the sum of all internal resistances of the cell, including electrolyte, electrode materials, cell
components and the whole setup. Region (2) is the voltage plateau. Here the redox reaction of the
cell happens, and a phase change is occurring. This can be used to determine both the capacity and
efficiency of the cell. Then there is region (3), where the curve drops off. Here the active material in the
cell is depleted. Allowing the (dis)charging to continue at this stage, will start affecting the electrolyte
and carbon additives present in the cell, causing irreversible damage.

Figure 3.7: Representation of a voltage-capacity curve. Obtained during this project.

Throughout this report, the term ”charged” will be used when electrons migrate from the top to bottom
electrode, and ”discharged” for electrons moving from the bottom to the top electrode. This indicates
that oxidation occurs in the top electrode, and reduction occurs in the bottom electrode during charging.
This is reversed in a discharge scenario.

In every cell, the electrode under study will have a calculated 1 mAh capacity, the other electrode
always 2mAh (=61.2 mg) of the Pb/PbF2 composite. This was done to facilitate the analysis and allow
easier comparison of the separate voltage-capacity curves.

A MACCOR 4000a Automated Test System is used for galvanostatic (dis)charging of the electrochem-
ical solid-state cells. Before operation, a program must be written to indicate the cut-off voltage, the
current and charge mode. The cells are then hooked on the galvanostat and galvanostatically charged
or discharged, depending on the cell composition, at 10 μA, up to predetermined voltages. A voltage-
capacity curve is the main outcome of this type of testing. It describes the amount of charge in mAh
that has been used to charge or discharge the cell. This data is plotted against the necessary voltage
needed to keep the current at a constant 10 μA.

After the galvanostatic (dis)charging, a second impedance was taken to evaluate changes within the
cell, and subsequently the relevant electrode composite was studied using X-ray diffraction. This is to
obtain information about the cell composition.
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3.10. X-Ray Diffraction
To analyse the structures in a non-destructive manner, X-ray diffraction (XRD) is used in this project.
This method characterises mostly crystalline materials based on the lattice parameters, as this will give
information about the involved structures and therefore the composition, as different materials have
different crystal structures [62].

The device consists of an X-ray tube, that generates X-rays at an energy of generally 40 kV, which
are subsequently directed at a powdered sample figure 3.8. The generated X-rays in the setup used
copper as basis. The generated copper radiation consists of two wavelengths. The Kα and Kβ radia-
tion. The β radiation has a much lower intensity with a wavelength of 1.39222 Å, which is why the Kα
radiation is used. This does consist of Kα1 andKα2 however, with a ratio of 2:1. It has to be noted that
their wavelengths are almost similar, 1.54056 Åand 1.54439 Å, which manifest themselves as some
double-peaked patterns. Using a Ni-based monochromator, the Kα1 andKβ radiation can be filtered
out. Fluorescence can occur when a material absorbs photons of a particular wavelength and re-emits
photons at a longer wavelength that overlaps with the copper X-rays. This emission interferes with the
measurement and therefore the monochromator helps to filter out the other wavelengths to prevent
said fluorescence.

Figure 3.8: Schematic representation of XRD setup. Reproduced from [62]

The XRD technique used in this report is powder X-ray diffraction, the most commonly used and ver-
satile technique that is capable of characterising multi crystalline samples [62]. Despite the easier
sample preparation, if the sample contains multiple phases, there is often a significant peak overlap,
which makes exact peak determination more difficult. Also in powder XRD, the incident X-rays inter-
act with the individual crystalline particles, resulting in a scattering of intensity that forms cone-shaped
patterns. The detector records these scattered intensities as rings with varying intensities. To identify
the crystals present, we compare the peak intensity and d-spacing of the diffraction pattern with the
information in an existing library. Using diffraction, the d-spacings are determined using Bragg’s law:

n · λ = 2 · d · sin(θ)

Where n is an integer corresponding to the order of reflection, λ is the wavelength of the X-ray in meters,
d is the interplanar spacing in meter, and θ is the angle between the incoming X-ray and the horizontal
surface of the sample. When the sample is measured over a large 2 θ range, reflexes appear at angles
where there is constructive interference. This will then yield a pattern that can be match with a library.
For this, the Match! software will be used.

This technique is not flawless, and the errors associated with preparation and type of sample, and
operation of XRD instrument contribute majorly towards peak analyses errors [63]. Two common errors
are as follows:

Preferred Orientation Error: Preferred orientation error occurs when crystalline regions in a powder
exhibit a stronger tendency towards a particular orientation compared to others. Random sample ori-
entation is necessary for accurate identification of phases based on peak intensities. The presence of
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preferred orientation introduces systematic errors in peak intensities. To minimize the variability caused
by this, a rotating sample stage can be used.

Sample Displacement Error: Sample displacement error occurs when the movement of the sample
causes X-ray diffraction (XRD) beams to miss the aperture of the detector. In figure 3.8, the displace-
ment of a sample is created when the sample would be placed slightly to the top-left or bottom-right.
This displacement leads to incorrect reporting of peak positions by the instrument. The displacement
error (s) can be identified using the relation:

∆2θ = −2 · s · cos(θ)
R

Where R is the goniometer radius. For example, a displacement of s = 0.30 mm corresponds to a peak
shift of 0.16°at R = 200 mm and 2θ = 28.6°. The internal calibration and proper use of the sample stage
generally help to avoid this problem.

During this study two different diffractometers were used. The samples were either measured using
Kα1 and Kα2 radiation from a copper X-ray tube in a PANalytical X’Pert pro X-ray diffractometer at 45
kV and 40 mA, or a Bruker D8 Advance diffractometer with Bragg-Brentano geometry. Also using Cu
Kα radiation at the same voltage of 45 kV 40 mA. A divergence slit is used: V12. The diffracted beam
filter is nickel-based, soller slit of 2.5 deg. It also uses a LynxEye position-sensitive detector with the
settings of LL=0.19 W=0.06.

The samples consisting of the battery cell pellet used for EIS and galvanostatic cycling was extracted
under an argon atmosphere and placed in an airtight XRD sample holder. Kapton film was used to
cover the sample as seen in figure 3.9. The sample was measured for a duration depending on the
presence of iron. If any FexOxFz was present in the electrode composition, the measurement was
done overnight (8 hours) and a beam monochromator was used to filter out the iron fluorescence. The
measurement time for a regular sample was half an hour. Both types of measurement scanned the 2θ
range of 5°-90°.

Figure 3.9: Schematic representation of kapton film-covered XRD sample holder

The XRD patterns obtained from the diffraction were analysed using the Match! software developed
by Crystalimpact in combination with the Crystal Open Database (COD). This software was also used
for cell refinement using the integrated FullProf Rietveld refinement. This software also allowed for a
Le Bail fit of the obtained pattern, which is initially used to find the lattice parameters in the sample, as
well as the lowest possible χ2 andR2 obtainable by Rietveld refinement.



4
Results & Discussion

In this results section, first the Pb/PbF2 will be discussed, to evaluate whether this will function as a
suitable counter- and reference electrode. After that the PK10 electrolyte will be tested to find whether
it is sufficiently conductive and stable, and lastly the FeO itself will be tested. Of these separate com-
ponents, first the materials will be evaluated, followed by their electrochemical performance. After this,
the iron oxyfluoride will be assessed on performance.

4.1. Materials and Synthesis
To perform the necessary experiments, the cathode and anode composites were synthesised, as well
as the PK10 electrolyte, see section sections 3.1, 3.3 and 3.4. This is because these materials are not
commercially available. X-ray diffraction measurements were taken of all precursors and synthesised
materials to validate the composition. This is done by Rietveld refinement and/or phase composition
analysis based on the reference intensity ratio, I/Ic (c = corundum).

4.1.1. Pb/PbF2 Composite and Precursors
The Pb/PbF2 composite has been synthesised and subsequently analysed as described in section 3.1.
This composite is used as counter electrode in every solid-state cell fabricated during this project, and
by XRD analysis of the composite and its precursors, the electrochemical changes in the material can
be understood. Rietveld refinement was conducted on the XRD patterns to find the composition of the
material.

Figure 4.1: Refinement of the XRD measurement of the lead powder precursor. The red bars indicate cubic lead, while green
and purple indicate litharge and massicot respectively, polymorphs of PbO

In figure 4.1, the XRD pattern of metallic lead (Alfa/Aesar, 99.9% purity), precursor for the Pb/PbF2
composite, and its refinement is shown. We expect to see only the peaks belonging to cubic lead,

28
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displayed in table 4.1 with three more peaks at higher angles. This pattern would indicate a phase-
pure cubic lead phase (COD entry: 96-153-1229), indicated in figure 4.1 by red bars. Despite this, we
also find other significant reflexes, seen in table 4.1. Matching and subsequent refinement found that
these peaks belong to two polymorphs of lead(II) oxide. Namely litharge, orthorhombic space group
Cmma, depicted by the green bars (COD entry: 96-901-2697), and massicot, orthorhombic space
group Pbcm, depicted by the purple bars (COD entry: 96-900-7711).

Phase + COD entry 2θ angle (°) hlk index
Metallic lead 31.3 (111)
96-153-1229 36.3 (200)

52.2 (202)
62.2 (311)
65.2 (222)

Litharge and Massicot 28.6
96-901-2697 and 96-900-7711 29.1

30.3
31.9
32.6
48.6

Table 4.1: Overview of the reflexes of metallic lead, litharge and massicot, indexed in figure 4.1

The presence of these phases is most likely caused by the oxidation of the metallic lead. The amount
of massicot and litharge, respectively 2.5% and 1.6%, are low; 95.9% of the cubic lead phase remains.
This will most likely not affect the properties significantly. However, as the oxides are often present on
the outside of the particles, this might inhibit the ionic and electronic conductivity of the material, which
then would cause capacities to be lower than expected.

Figure 4.2: Refinement of XRD measurement of the lead(II) fluoride precursor. Red bars indicate orthorhombic PbF2, green
bars indicate the cubic polymorph: Fluorocronite

Figure 4.2 is the refined XRD pattern of PbF2 (Merck, 99% purity), used as precursor for the Pb/PbF2
composite, as well as the PK10 electrolyte. This material is found in two polymorphs with either an
orthorhombic or cubic structure, therefore we expect to see both of them. The main reflexes of the
orthorhomic lead(II) fluoride are stated in table 4.2 in decreasing intensities. Reflexes are found at
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these exact locations, and attributed to the orthorhombic PbF2 phase using red bars (COD entry: 96-
231-0347). For the cubic lead reflexes are expected as stated in table 4.2, also at decreasing intensities.
These are again indexed and indicated with green bars (COD entry: 96-901-4558). In this diffractogram,
the Kα2 radiation has not been removed, causing the doublets.

Phase + COD entry 2θ angle (°) hlk index
Orthorhombic PbF2 29.2 (111)

96-231-0347 27.1 (102)
25.6 (001)
27.7 (200)

Cubic PbF2 26.0 (111)
96-901-4558 43.0 (220)

51.0 (331)
30.1 (200)

Table 4.2: Overview of the reflexes of both polymorphs of PbF2, indexed in figure 4.2

It is clear that in figure 4.2 no peaks are present that do not belong to either orthorhombic or cubic PbF2.
The ratio between orthorhombic:cubic is 86.5:13.5. This is a relevant observation, as this will be used
to verify which lead(II) fluoride polymorph is more likely to react, and which polymorph is more likely to
form upon electrochemical fluorination of the metallic lead.

Figure 4.3: Refinement of XRD measurement of the first synthesis of the Pb/PbF2 composite. Red indicates metallic lead, blue
the PK10 solid-state electrolyte, green orthorhombic PbF2 and orange cubic PbF2

Figure 4.3 shows the refined XRD pattern of the synthesised Pb/PbF2 composite. The reflexes of both
the orthorhombic and cubic polymorph of PbF2 are present, respectively green and orange bars. Also
cubic lead is present, denoted by red peaks. Massicot is also detected, grey bars, but the litharge is
in such a low concentration, no traces of this phace could be found. All of these phases are described
above, and their presence is expected. In addition to this, there are also peaks present at 2θ –– 26.3 °
(101), 2θ–– 46.4 ° (211) and 2θ–– 37.5 ° (200) in decreasing intensity. These, and a few other peaks at a
higher 2θ range belong to the PK10 electrolyte, blue bars. Three other small unidentified reflexes have
been observed at 2θ–– 24.2 °, 2θ–– 29.8 ° and 2θ–– 34.2 °, marked with black circles. Also, according
to the refinement, the phase composition is equivalent to 54:6:40 for PK10:Pb:PbF2. This is deviating
from the composition used for synthesis of the composite, namely 60:15:15:10 for PK10:Pb:PbF2. The
composition of the lead(II) fluoride polymorphs, orthorhombic:cubic, is the similar to the virgin lead
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fluoride, 82:18. A broad bump in the XRD pattern starting at 2θ–– 25 ° sloping down to 2θ–– 60 ° is also
observed.

The lead precursors are phase-pure enough to be used in the synthesis of the Pb/PbF2 composite. How-
ever, upon synthesis of the composite, Rietveld refinement yielded a phase composition of 54::6:40 for
PK10:Pb:PbF2. While deviation of PK10 is understandable, the balance between lead and lead(II)
fluoride is not. The most likely explanation is that during grinding of the material, the lead became
amorphous due to its high malleability and forces present during the grinding. This is confirmed by
the presence of the bump between 2θ–– 25 ° and 2θ–– 60 °. This might affect its electrochemical perfor-
mance, but as for these purposes generally an excess of composite is used, a lower fraction should
still be able to provide enough capacity to function as anode. This is even more true for the lead(II)
fluoride part of the composite, which is more than able to release enough fluoride ions to fluorinate
the FeO anode. While the initial composition should have a cathode capacity of 32.8 mAh/g, PbF2 +
2e– −−→ Pb0 + 2F– , the capacity according to the refinement is 87.4 mAh/g. That should cause no
complications when this material is used as cathode. If the composite is used as anode however, with
a reaction of Pb0 + 2F– −−→ PbF2 + 2e– , this is not the case. Instead of an expected capacity of 38.8
mAh/g, only 10.3 mAh/g would be available. This means a significantly higher amount of composite
should be used. This will be confirmed during electrochemical testing.

4.1.2. Electrolyte
CsPb0.9K0.1F2.9, abbreviated as PK10, was used as electrolyte in this research. A total of six batches
was utilised in total, to be used as electrolyte on itself and in the production of electrode composites.
Of these, one batch was synthesised by another researcher in the group, while the other four batches
were synthesised during this project [64]. The older sample exhibited a conductivity of 0.36 mS/cm
and was used to create the first few electrode composites and cells. The other four batches of PK10
were all mechanically synthesised and X-Ray diffraction, electrochemical impedance spectroscopy, and
thickness measurements were performed as described in section section 3.3. This is done to validate
the material. The measurements will be discussed and evaluated here.

Figure 4.4: XRD patterns of Different Batches PK10, synthesised and refined

The XRD diffraction data and refinement of the different batches of the synthesised PK10 solid state
electrolyte is displayed in figure 4.4. The main reflexes of this material are present as stated in ta-
ble 4.3. The structure of this material is cubic, with space group Pm3̄m. While an existing reference
exists (COD entry: 96-152-5673), this is for CsPbF3. Therefore a modified reference was created with
modified occupancy of potassium, lead and fluoride and varying biso parameters to accommodate for
the vacancies. Using this for refinement yields the results in figure 4.4. Refinement yields a different
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lattice parameter compared to normal CsPbF3, see table A.1 in appendix A. This is due to potassium
doping at the lead sites in the perovskite structure. But as this is just 10% potassium, the crystal struc-
ture does not change, only the lattice parameter has been reduced from 4.798Åto 4.794Å [2]. It has
to be noted that the peak at θ –– 18.49 ° is absent in batch 3, denoted in figure 4.4 as PBR-004-03.
Refinement of this structure concluded that this phase is actually CsPb0.99K0.01F2.99, PK01.

Phase + COD entry 2θ angle (°) hlk index
Cubic CsPb0.9K0.1F2.9 26.18 (101)

96-152-5673 37.40 (200)
46.28 (211)
53.98 (202)
61.00 (302)
73.48 (321)

Table 4.3: Overview of the reflexes of CsPbF3

The synthesised PK10 was pressed into a pellet in a solid-state cell to measured the impedance as
mentioned in section 3.3, and Nyquist plots are obtained plotted in figure A.1, found in appendix A.
The thickness of the pellet was measured and averaged over 5 different locations on the pellet. The
impedance data was fitted using an electrochemical circle-fit as described in section 3.8, and using the
formula stated in section 3.8, the ionic conductivity could be obtained. This is tabulated in table 4.4.

PK10 Impedance (Ω) Thickness (cm) σ (mS/cm)
Batch 1 212 0.601 0.36
Batch 2 305 0.602 0.25
Batch 3 1020 0.493 0.06
Batch 4 287 0.505 0.22
Batch 5 290 0.569 0.25
Batch 6 202 0.570 0.36

Table 4.4: Calculated ionic conductivity of the electrolyte in mS/cm per batch, including the experimentally obtained parameters

Table 4.4 contains the impedance, the Relectrolyte, as well as the thickness measurements, and the
resulting conductivity. Batch 1 and batch 6 have the highest ionic conductivity of 0.36 mS/cm. Batch
2, 4 and 5 have a slightly less ionic conductivity, but this is still close to the BaSnF4 that has been
used in earlier research with fluoride ion batteries [29]. Therefore these batches are also considered
successful. Batch 3 has an ionic conductivity of just 0.06 mS/cm however. This is is attributed to the
low potassium content, inducing not enough fluoride vacancies in the perovskite structure. Insufficient
fluoride vacancies lead to a significantly worse ionic conductivity compared to materials with a higher
potassium content. Therefore this material is deemed unsuitable to be used as solid-state fluoride ion
conductor, and is the the only failed electrolyte synthesis.
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Figure 4.5: SEM measurement of pressed PK10 electrolyte pellet, 750x zoom. The scale bar is 20 μm

SEMwas used to determine the particle size of the ball-milled PK10, part of a used pellet is displayed in
figure 4.5. During cell fabrication, this pellet has been pressed up to 50 bar. This caused the individual
PK10 particles to agglomerate and make sufficient contact to allow ionic conductivity. Analysis of the
surface of the pellet resulted in an observed particle size of 0.4 μm with a low size distribution. This
is in accordance with earlier reports of this material, which recorded regularly sized particles of 0.35
μm [2]. As mentioned there, the relatively large size of the particles is probably beneficial for the ionic
conductivity, as inter-crystallite ionic transport is generally considered difficult.

(a) SEM measurement of pressed PK10 electrolyte pellet, 4500x zoom.
The scale bar is 5 μm

(b) EDS analysis of a pressed PK10 pellet, plotting the counts against
the X-ray energy, measured at the blue indicator

Figure 4.6: SEM and EDS measurement of pressed PK10 electrolyte pellet

Figure 4.6 shows a zoomed in version of the SEM measurement as well as a EDS measurement at
that location. Reflexes are seen of Cs, Pb, F and K as expected. The carbon present is of the adhesive
tape, while the iron and oxygen present are there due to this pellet being part of a FeO cell, and this
side was attached to the FeO composite. Part of the FeO can be seen top right in figure 4.6a. The
composition according to EDS measurements of Cs:Pb:K:F is 1:1.21:0.06:2.96. While this is a higher
content of lead compared to cesium, the potassium and fluoride have expected values.

Six batches of the PK10 electrolyte have been synthesised. Rietveld refinements were performed on
the CsPb1– xKxF3– x batches to obtain the lattice parameter and potassium content of every electrolyte
used. This can be used to justify the ionic conductivity of the different batches. As observed, there is
a correlation between lattice parameter and potassium content, which is as expected. It is noticeable
that batch 3 has a significant lower concentration and higher lattice parameter compared to the other
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batches. This is more similar to PK00 than PK10, that already agrees with the lower conductivity
observed in the EIS measurements. Furthermore, broader peaks and an enhanced background can be
observed in batch 2 and 3. While the peak broadening can be related to crystallite size, the ball-milling
time and other preparatory actions were identical to the other preparations. This is then attributed to
the measurement errors mentioned in section section 3.10.

The impedance and conductivity measurements conducted, agree with the phase purity and composi-
tion observed in the XRD measurements and Rietveld refinement. A conductivity of 1.23 mS/cm was
obtained originally by Wang et al. [21]. While this is almost 4 times as high, a conductivity of 0.22
mS/cm is still sufficiently conductive to obtain reliable measurements at room temperature. As seen in
the SEM image, the packing of the individual electrolyte particles is good, and suitable as solid-state
ion conductor. The EDS measurement detected a higher lead content compared to cesium. This is
different from the XRD refinements. As the XRD measures a significantly larger part of the sample,
and refinement of this measurement does not show such significant deviations from the expected stoi-
chiometry, the EDS results are attributed to local variance. Despite this, all batches except batch 3 are
fully suitable to be used as solid-state electrolyte for the purpose of this report.

4.1.3. FeO Composites and Precursors
Different FeO composites were synthesised and the FeO precursor was obtained from two different
suppliers as described in section 3.4. The FeO precursors were analysed using XRD and refined to
obtain the proper phase composition. These composites were later used to evaluate the fluorination
behaviour of the FeO using galvanostatic charging.

Figure 4.7: Refinement of XRD measurement of FeO, obtained from Thermo Fisher. Red bars indicate iron deficient FeO,
green bars stoichiometric FeO, blue bars magnetite, Fe3O4 and orange bars metalic iron

Figure 4.7 shows the XRD pattern and subsequent refinement of the FeO precursor (Thermo Fisher,
99.5% purity), and the subsequent refinement. This being ferrous oxide, it is a cubic crystal with a
space group of Fm3̄m. The main reflexes of this material would be 2θ–– 42.30 ° (200), 2θ–– 36.11 °
(111) and 2θ–– 60.79 ° (202), in decreasing intensity. These are indeed observed, and FeO is found
(COD entry: 96-101-1199). However, a shifted pattern of this is found as well. This matches with
iron deficient wüstite, Fe0.924O (COD entry: 96-152-3719). Besides this, other peaks are observed as
well. At 2θ–– 35.53 ° (131), 2θ–– 62.71 ° (404), 2θ–– 57.12 ° (151) and 2θ–– 30.47 ° (202) in decreasing
intensity. These belong to magnetite, Fe3O4 (COD entry: 96-900-6195). This was found along iron
(COD entry: 96-900-0658) with peaks at 2θ–– 44.63 ° (101), and 2θ–– 82.36 ° (211). This fully indexes
the XRD pattern, refinement of the pattern find that this substance contains FeO, Fe3O4 and α-iron in
a weight ratio of 74:20:6. This is more than suitable to evaluate whether FeO can be fluorinated or not.
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The FeO obtained from Thermo Fisher was compared to the FeO obtained from Merck (99.9% purity),
see appendix A. There it was found that this substance contains a significant amount of Fe3O4, Fe andFe2O3
compared to FeO. This in a ratio of 56:1:9:34. As this material contains only 34% of FeO, its capacity
is significantly, and more of the side phases will be involved in the reaction. Therefore this material is
less suitable to evaluate the fluorination behaviour of FeO. Despite that, both materials were made into
a composite as described in section 3.4.

Figure 4.8: SEM measurement of FeO, 750x zoom. The scale bar is 20 μm

The FeO from Thermo Fisher was also studied using SEM and EDS as seen in figures 4.8 and 4.9.
These are the particles of FeO that have been ground. As seen in the image above, the particle size
of the individual FeO grains is not uniform. The size varies from 5 to 50 μm, or even smaller. This
is relatively big, and has been taken into account when synthesising the composite, as this large size
might hamper fluorination when the cell would be galvanostatically charged due to low fluoride-ion
conductivity in the FeO lattice.

(a) SEM measurement of FeO, 4500x zoom. The scale bar is 5 μm
(b) EDS analysis of the FeO precursor, plotting the counts against the

X-ray energy, measurement encompasses the whole picture

Figure 4.9: SEM and EDS measurement of unmodified FeO

Figure 4.9 shows a higher zoom of the FeO precursor as wel as an EDS measurement of the full image,
not just one point. This was done to gain insight in the full outside of the FeO grain. As expected, a
low amount of carbon is present, whose X-rays are detected due to interaction with te surroundings.
Also, there is an atomic Fe:O distribution of 62.1:37.9. This implies that there is more iron than oxygen
present on the surface of this grain. Therefore the outside composition is not a stoichiometric FeO,
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but rather a polymorph that is significantly less oxidised. But this is just observed in the outside of this
particles, and XRD measurements would imply that the inside would have a higher oxygen content.

As described in section 3.4, either material was mixed with PK10 electrolyte and carbon nano-tubes
in a 30:60:10 weight ratio. These composites were also studied with XRD. This concerns a composite
using the FeO obtained from Thermo Fisher, figure 4.10, and a composite using the FeO obtained from
Merck, figure 4.11.

Figure 4.10: X-ray diffraction measurement of electrode composite with FeO, obtained from Thermo Fisher. Red and blue bars
indicate the PK10 electrolyte, green bars FeO, and purple bars the PbF2

An XRD measurement was taken of the composite synthesised with FeO from Thermo Fisher, called
FeO 1, as seen in figure 4.10. No quantitative analysis was possible, although the XRD pattern seems
to neatly indicate two types of the PK10 electrolyte, one with a slightly different lattice parameter. There
also seems to be PbF2 present, an amount in the range of a few percent at most. While the general
composition of this composite aligns with the reflexes of the precursors, the presence of PbF2 is sur-
prising. The lead(II) fluoride will not be able to participate in the electrochemical reactions when this
composite is fluorinated. Especially as the PbF2 is present in a very low quantity, and the reaction po-
tential lies above the ESW of the electrolyte. Apart from this anomaly, the composition of this composite
is suitable to be used in an electrochemical solid-state cell.
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Figure 4.11: Refinement of XRD measurement of electrode composite with FeO obtained from Merck, Red and blue bars
indicate the PK10 electrolyte, purple the FeO, green the Fe3O4 and lime the α-iron

As seen above, the composite with FeO obtained from Merck, called FeO 2, contains, according to
the XRD and Rietveld refinement, about 11% FeO. This agrees with the composition of the precursor,
which contains 34% FeO. Apart from this, the composite does not contain any peaks that deviate from
the precursors. As seen, it does contains a few very broad low peaks, from a log angle up to 2θ–– 25 °,
and from there to 2θ–– 50 °. This is related to the carbon in the sample, and contributes in this way to the
background of the sample. Due to the low FeO content, it is disputable whether this can be sufficiently
used as cathode material in a solid-state cell.

Figure 4.12: SEM measurement of FeO composite with Thermo Fisher, 800x zoom. The scale bar is 20 μm

In figure 4.12, the prepared composite is depicted. As observed, the grains of FeO are very large. Due
to this small surface area compared to bulk volume of the material, this may be very detrimental for the
electrochemical performance, as the fluoride-ions will have difficulty penetrating into the FeO lattice.
Therefore the FeO underwent ball-milling as described in section 3.4. This yielded figure 4.13, and is
called FeO BM, the FeO composition did not change during the ball-milling, appendix A.
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Figure 4.13: SEM measurement of ball-milled FeO composite with Thermo Fisher, 1300x zoom. The scale bar is 10 μm

As seen in figure 4.13, the particle size of the PK10 and particle size of the FeO particles are now
more similar. This should enhance the contact between the iron oxide particulates and both the PK10
electrolyte and carbon nanofibers. The XRD and subsequent refinement of this composite, found in
appendix A, show no presence of different phases. Therefore this composite is most suitable to be
used as composite for the solid-state cells, and will be used.

The FeO composites that have been synthesised are all capable of being used in an electrochemical
solid-state cell to evaluate whether FeO can be fluorinated. Both suppliers of the ferrous oxide indeed
do contain FeO, but the FeO obtained from Merck has significantly more contaminants than the FeO
obtained from Thermo Fisher. To understand why those contaminants are present in the sample, the
phase diagram of iron oxide must be investigated, and is displayed in figure 4.14.

Figure 4.14: Phase diagram of FeO. Reproduced from [65]

As seen in figure 4.14, the wüstite phase, FeO, the investigated material is not thermodynamically
stable at room temperature. it is only stable at temperatures above 600 °. Therefore, for production of
FeO, the material is synthesised at high temperatures, and then quenched to room temperature. At
this lower temperature, the FeO does not have enough energy to convert back to α-iron andFe3O4,
and will maintain its structure [66]. If this quenching does not occur at a sufficient rate, the FeO will
still decompose, yielding the contaminants present in both FeO samples used for this project. From
there on we can speculate that the FeO of Merck was slower quenched, yielding more Fe3O4, but as
apparent from the phase diagram, and increased presence of oxygen also causes this. Due to this
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phenomenon, the obtained can almost never be truly phase-pure, and the FeO obtained from Thermo
Fisher is concluded to have sufficient quality to solely investigate the fluorination behaviour of FeO.

The fact that the FeO found is partially iron deficient is not uncommon either, as the FeO might slowly
oxidise, causing the oxidation of some iron atoms in the FeO lattice from Fe2+ to Fe3+. While these
atoms will not be able to part-take in the electrochemical fluorination, as this also oxidises the iron, the
percentage of atoms affected by this not significant enough to modify the structure nor the electrochem-
ical activity of the ferrous oxide.

While two composites, FeO 1 and FeO BM, were deemed suitable to evaluate the electrochemical
properties of the FeO due to their composition, particle size remains relevant. 5 to 50 μm is relatively
big for ground particles of FeO 1. However, as shown for the PK10 electrolyte, the particle size of the
electrolyte is very low, on average 0.4 μm. Therefore the electrolyte is able to fully encompass the
FeO when a composite is made out of it. There is a possibility that this might convert the full surface,
but only the surface of the bigger particles. As FeO is not a good fluoride-ion conductor naturally, the
composite with the smaller particles, FeO BM is chosen as the most suitable composite to evaluate the
electrochemical behaviour of the ferrous oxide.

Assuming that none of the FeO has reacted yet in this composition, as there is no evidence of this
happening, the approximate capacity of this composite is 101.8 mAh/g. This is 2.5 times higher than
the composite synthesised using the ferrous oxide supplied by Merck. Therefore, reactions observed
using this composite will very likely be originating from the FeO phase of this composite, as long as the
voltage range is within the ESW of the electrolyte. We can conclude that because of this, The FeO BM
composite is most suitable to study whether FeO can be electrochemically fluorinated.

4.2. Electrochemical Performance
The electrochemical characteristics of all involved materials is evaluated and compared by integrating
these materials in solid-state electrochemical cells. The Pb/PbF2 anode has been assessed to com-
pare the actual capacity of the composite, this was to verify that there is always an excess of fluoride
ions or lead ions available to be oxidised. The electrochemical stability window (ESW) of the PK10
electrolyte has been evaluated as existing literature only reports thermodynamic calculations, and it
must be confirmed that the electrolyte is stable in the voltage ranges the FeO gets fluorinated. After
that the FeO composite was evaluated to assess its electrochemical behaviour.

4.2.1. Symmetrical PbF2 Anode
We analysed the suitability of the Pb/PbF2 composite as counter and reference electrode for the solid-
state fluoride-ion battery cells. To do so, a series of 4 symmetric cells was fabricated as described in
section 3.7. As the investigated electrochemical cell is symmetrical, a potential of zero volts should be
observed during galvanostatic (dis)charging. This is because the separate redox materials are similar,
and should have no electrochemical potential towards each other. The cells were prepared in such a
manner that the capacity should exhibit around 1 mAh. Of the fabricated solid-state cells, cell 1 and 2
were discharged up to 2V, at a charge rate of 10μA.
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(a) Full-size curve (b) Zoomed curve

Figure 4.15: Voltage-capacity curve of the discharge of the Pb/PbF2:PK10:Pb/PbF2 cells

Figure 4.15 is the voltage capacity curve of cell 1 and 2, this represents the relationship between voltage
levels and corresponding performance or capacity limits. As seen here, cell 1 and 2 display a plateau at
0.1V, This indicated that a redox reaction is taking place at this voltage level. It is expected to happen at
such a low potential, because this is a symmetric cell, and there is not difference in the electrochemical
potential between two like electrode compositions. Around the 0.8 mAh, the voltage increases for both
cells to 2V, starting a second plateau, indicative for a second redox reaction. Cell 1 approaches the 2V
mark, reaches this, but cell 2 suddenly drops in voltage at the 1.97V mark. This does not indicate short-
circuiting, as the cell keeps discharging, but another phenomenon occurs. Despite this, the low voltage
and gentle slope indicate that this composite is suitable both as counter and reference electrode.

figure 4.15 shows also cell 4. This cell was discharged, and the top and bottom electrodes were studied
using XRD. This was performed to research what happens at the 2V mark. It was charged up to 2.3V
to obtain information about the composition of both electrodes in a higher charge state. It exhibits less
than 0.30 mAh, and does not behave like the previous two cells.

Figure 4.16: Refinement of top electrode composites of symmetric Pb/PbF2:PK10:Pb/PbF2 cell 4

Figure 4.16 shows the refined XRD patterns of cell 4. The composition of the different electrodes
changed significantly compared to the initial composite. The composition in the top electrode changed
fromPK10:Pb:PbF2 = 54:6:40, which was observed in the synthesised Pb/PbF2 composite, to PK10:Pb:PbF2:Cs4Pb9
62:2:28:8. The new phase of Cs4Pb9 is predicted by Wang et al. at potentials lower than -1V [2]. As
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observed, the PbF2 content has dropped as expected, due to reduction. This formed the Cs4Pb9, con-
suming some of the lead in the process, which explains the lower lead content despite this electrode
having undergone reduction.

Figure 4.17: Refinement of XRD measurement of the bottom electrode composite of symmetric Pb/PbF2:PK10:Pb/PbF2 cell 4

The bottom electrode, figure 4.17, does exhibit a significant change in composition after the discharge
cycle. This electrode underwent oxidation, and therefore a high amount of lead(II) fluoride was ex-
pected. However, the composition in the bottom electrode changed from PK10:Pb:PbF2 = 54:6:40, to
PK10:Pb:PbF2:PbO 60:3:15:22. While the lead was expected to oxidise in this electrode, formation of
PbF2, and not PbO, is the phase that was expected. It has to be noted that figure 4.16 has a significantly
higher background and broader peaks. This because the pellet was intact when the measurement was
taken, displacing it in height in the diffractometer.

Cell 3 was charged up to 0.5V, but exhibits less than 0.20 mAh capacity, significantly less than was
accounted for. This is also displayed in figure 4.15. The composition of this cell was studied using
XRD to further investigate the stability of PK10. At this voltage, no decomposition of the electrolyte is
expected.
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Figure 4.18: Refinement of XRD measurement of the top electrode composites of symmetric Pb/PbF2:PK10:Pb/PbF2 cell 3.
With red bars being PK10, blue metallic lead, green orthorhombic PbF2 and orange cubic PbF2

In figure 4.18 the Rietveld refinement of the top electrode of cell 3 was studied. When the rough
diffraction patterns are compared, no significant differences can be observed, also compared to the
virgin Pb/PbF2 composite. A composition of PK10:Pb:PbF2 of 52:6:42 is observed.

Figure 4.19: Refinement of XRD measurement of the bottom electrode composites of symmetric Pb/PbF2:PK10:Pb/PbF2 cell
3. With red bars being PK10, blue metallic lead, green orthorhombic PbF2 and orange cubic PbF2

In the bottom electrode, figure 4.19, the composition of PK10:Pb:PbF2 is 54:5:41. Both compositions
coincide with the initial anode composition of 54:6:40. From this result no apparent changes in com-
position upon partial discharging could be detected. This all indicates that no apparent change has
occurred in this voltage range.

The discharge of cell 1 and 2 have shown expected behaviour in the galvanostat. While the capacity
is not the full 1 mAh that was calculated, this lower capacity can be explained by different factors.
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Surprisingly, the capacity of 0.8 mAh roughly matches the percentage of orthorhombic:cubic pahases,
86.5:13.5 as established in the composite. However, as the cubic phase should be more conductive
than the orthorhombic phase according to Scheiber et al., the phases do not affect the capacity in this
material [67]. Apart from that, a 100% capacity is difficult to achieve with a solid-state electrolyte, as
that would mean that every PbF2 particle would have both a sufficient contact to the electrolyte, and
to the carbon additives to allow both F– ande– conduction. As the particle size is relatively small, this
negative effect should be diminished.

The plateau of 0.1 V is expected. Theoretically it should be 0V, but as explained in section 2.1, over-
potentials in the cell and total circuit resistance increase this slightly. The constant and gentle slope
makes this composite very suitable to be used as both counter and reference electrode.

The steep increase after this slope indicated that another redox reaction takes place at 2V. This is
suspected to be the electrolyte. Which is why cell 4 was studied to investigate the composition of
both electrodes after reaching this 2V mark. Interestingly one would expect an increase in the lead(II)
fluoride content, or the eventual formation of higher lead fluorides due to the probable oxidation of the
PK10 electrolyte. This is not the case however, and one explanation might be a leak in the cell. Causing
the PbO, a litharge polymorph, to form.

A leak would cause the oxidised lead not to react with the fluoride ions, but with oxygen diffusing into
the cell, especially at the electrode interface where the exposure to oxygen would be highest. The
fluoride ions might have reacted with the lead deeper in the pellet, which are not visible on the XRD
spectrum, as the Cuα radiation has a typical penetration depth of a few tenths of microns. As the full
cell was prepared under an argon atmosphere, this is an indication that the solid-state electrochemical
cell is not fully air-tight. A recommendation to work with this specialised equipment would be to apply
measures to prevent oxygen diffusion into the cell compartment.

Cell 3 shows that the cell is functional and does not show side reactions other than the intended
(de)fluorination of lead in the designated voltage range. Therefore, based on the electrochemical data,
the Pb/PbF2 composite is fully suitable to be used as both counter and reference electrode to assess
the electrochemical properties of FeO. The electrolyte itself is studied further in the next section.

4.2.2. PK10 Electrolyte
The ESW is the voltage range of a material where it remains electrochemically stable: it will not be
reduced or oxidised, described in section 2.5. As the ESW of the PK10 solid-state electrolyte was
determined using thermodynamic calculations in the work of [2], it is necessary to validate these values
to ensure that the FeO and FeOF potentials vs Pb/PbF2 are within this range. It is also needed to ensure
whether the galvanostat settings, which are normally used for lithium-ion battery purposes, are properly
configured. Two cells were constructed with the ECC composite as described in section 3.3. These
cells were discharged up to 4V, and the voltage capacity curve can be seen in figure 4.20.

(a) Full-size curve (b) Zoomed curve

Figure 4.20: Voltage-capacity curve of the discharge of the ECC:PK10:Pb/PbF2 cells.
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Figure 4.20 displays the voltage-capacity curve for the ECC cell (assembled in duplicate). We observe
a voltage plateau at 2V, with a capacity of 0.08 mAh. We also see a second plateau starting at 3.1V.
This has a much higher capacity and flattens out at 4V. A slight discrepancy is observed between those
two cells, where cell 1 reaches the 4V level earlier compared to cell 2. As all cells fabricated in this
project, the calculated capacity is around 1 mAh, for both the cathode and anode composite. Therefore
a capacity of 0.08 mAh is very low.

Figure 4.21: Refinement of XRD measurement of the bottom electrode (Pb/PbF2) of the ECC:PK10:Pb/PbF2 cells (combined
spectrum). CsPbF3 in red, PbF2 in green.

Figure 4.21 shows the bottom Pb/PbF2 electrode that has been measured using XRD. No reflexes are
observed at 2θ–– 31.3 ° and 2θ–– 36.3 °. This indicates that no lead is present in this sample, as stated
in section 4.1.1. Only CsPbF3 (red, 66%) and orthorhombic PbF2 (green, 34%) have been found. This
indicates two things: first, the lead metal in the the composite has been fully fluorinated, and therefore
oxidised. Secondly, as CsPbF3 is observed, and not PK10, this could be the result of reduced PK10.
While the difference is difficult to discern, refinement of the Biso parameters and lead vacancies indicate
that this indeed concerns CsPbF3. This is not conclusive evidence however.

From the obtained galvanostat, XRD and impedance results several phenomena can be observed. The
voltage-capacity curves neatly indicate a plateau at 2V, which indicated the oxidation of the electrolyte.
This is in the expected range of 1.7V vs. Pb/PbF2 from the thermodynamic calculations as described
by Wang et al. [2]. The low capacity of this plateau can be attributed to a certain degree of degradation,
where the fluoride-ion conduction is insufficient to maintain the reaction, increasing the overpotential,
leading to fluorination of other components in the cell. The second plateau starts at 3.1V vs. Pb/PbF2.
This is possibly related to the fluorination of the carbon additives, C + F– −−→ CF + e– as described by
Nowroozi et al. [32]. As the carbon additives in this sample account for 22 mAh, further charging of this
cell probably would have led to further fluorination of the carbon in the sample. This is not detectable
in the XRD pattern for two reasons. First, the CF is in this sample present in such low concentrations
that this would not be detectable, and second, the CF is probably amorphous, similar to the carbon
nanotubes themselves.

The XRD pattern indicated presence of PbF2 andCsPbF3. PbF2 is present, which is the result of re-
duction of the PK10 electrolyte in the top electrode, as this would be the only source of fluoride-ions
in the cell. It is also worth to mention that the lead(II) fluoride that formed during fluorination of the
lead metal, exists solely as orthorhombic PbF2, as no cubic PbF2 could be found in the pattern. The
CsPbF3 present in the measurement can be indicative of oxidation of the electrolyte in this electrode.
Due to the small differences, no definite conclusion can be drawn from this. No other phases could be
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detected in the pattern, no metallic lead and not even PbF3 orPbF4, which are other phases that could
form upon fluorination at higher voltages.

When looking at the impedance measurements as well, appendix A, after galvanostatic discharging,
the cell exhibits a significantly lower electronic conductivity. This is most likely due to the reaction
of the PK10 electrolyte, which naturally lowers the ionic conductivity. Degradation of the carbon as
speculated earlier, would also decrease the electronic conductivity in the cell. The bigger semicircle of
cell one would agree with this, as this is related to mass/charge transfer resistance, which is higher in
a system where this conductivity is lower due to degraded electrolyte.

The PK10 electrolyte seems to be suitable for use as electrolyte in solid-state electrochemical cells at
a voltage below 2V vs. Pb/PbF2. This is because the electrolyte shows no signs of degradation before
reaching this point. This is in line with the thermodynamic calculations stated in literature. No side-
reactions with the lead have been established either. With low certainty, the main product that might
have been observed is CsPbF3. This verifies also that the galvanostat has the correct configuration
for the different electrochemistry of the FIBs. Whether the plateau observed starting at 3.1V originates
from further degradation of the PK10 electrolyte leading to further fluorination of the lead at higher
voltages due to overpotentials, or fluorination of the carbon has not been determined with high certainty.
However, as the cell is not supposed to operate at these higher voltages, this is less relevant to evaluate
the electrochemical properties of FeO and FeOF.

4.2.3. FeO Cathode
As a proper solid-state electrolyte, PK10, and a suitable counter/reference electrode has been estab-
lished, Pb/PbF2, the electrochemical properties of ferrous oxide is evaluated. The cells are fabricated
as stated in section 3.7. This was done by constructing a cell using the FeO composite as top-electrode,
and charging this at 10μA in the galvanostat. The FeO electrode was subsequently studied in XRD.

(a) Full size curve (b) Zoomed Curve

Figure 4.22: Voltage-capacity curve of FeO 1 cell charged to 1.1V

Figure 4.22 shows the voltage-capacity of the FeO cell. We observe two plateaus. The first starts
at 0.28V and increases up to 0.53V. This is in range of the expected 0.27V that was found using
thermodynamic calculations stated in section 3.4. This plateau has a capacity of just 0.04 mAh, which
equates to 4% of the expected capacity. The plateau also shows some artefacts, which destabilise
the measurement, but do not directly affect the accuracy nor functioning of the cell. A second plateau
is observed at the 0.8V. This has a much higher capacity, but this is not related to the reaction under
investigation.
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Figure 4.23: Refinement of XRD measurement of the top FeO electrode of the FeO:PK10:Pb/PbF2 cell. Red indicated PK10,
blue Fe0.944, black metallic lead, and purple and pink respectively litharge and massicot.

Figure 4.23 displays the XRD measurement taken of the FeO electrode after galvanostatic charging
the cell. A large amount of reflexes is observed. Peaks of the PK10 electrolyte are found at the
expected diffraction angles, which are mentioned in section 4.1.2. Peaks of an iron deficient ferrous
oxide are also found at 2θ–– 36.18 °, 2θ–– 42.03 ° and 2θ–– 61.00 °. Both of these were part of the initial
composite, which is expected. Despite that, strong peaks at 2θ–– 31.62 °, 2θ–– 36.51 ° and 2θ–– 52.52 °
seem to indicate the presence of metallic lead (COD entry: 96-101-1120) in the sample. As well as
both polymorphs of the lead oxides massicot and litharge, mentioned in section 4.1.1. The presence
of these metals is unexpected as these are more expected in the Pb/PbF2 composite. According to
the Rietveld refinement, PK10 makes up 20% of the composition, 15% Fe0.944, 40% metallic lead and
15% PbO. These high percentages of lead-based materials is not in line with the initial composition.
There are also several non-indexed reflexes in the pattern at 2θ–– 27.41 °, 2θ–– 28.23 °, 2θ–– 33.31 °,
2θ–– 38.72 °, 2θ–– 42.70 ° and more. These reflexes do not match any suitable compound based on
Fe,Cs,K,Pb,O,F in the COD.

The electrochemical properties of FeO in a composite with carbon nanofibers and PK10 electrolyte
were investigated. Figure 4.22 shows two plateaus, of which the first is in agreement with the thermo-
dynamically calculated voltage of 0.27V vs. Pb/PbF2. Therefore this is highly likely that this first plateau
belongs to the fluorination of the iron oxide. However, the capacity of said reaction is 0.04 mAh, 4% of
the calculated capacity. The second plateau is much larger, but at 0.8V. This is significantly above the
calculated potential, and has a capacity almost 1.5x the calculated capacity for the conversion of FeO
to FeOF. Despite that, there is no other materials that could have reacted. The PK10 is stable up to
2V vs. Pb/PbF2, and the experiment in section 4.1.2 demonstrated that also the carbon is stable in this
range. Therefore, another reaction is happening with higher capacity than the expected FeO. While,
thermodynamic calculations of PbF2 vs PbF4 indicate a potential difference 0f 0.82V, lead(II) fluoride
should not be present in the top electrode.

Refinement of the top electrode however, surprisingly did indicate the presence of metallic lead and
lead oxides in significant amounts. No PbF4 is found. The composition is highly unexpected due to
several reasons. This concerns the top electrode containing the FeO composite, consisting of 60%
PK10 and 30% FeO (with some iron-based side-phases). Therefore, this leads to two options. Either
the PK10 electrolyte has reacted in a certain manner, or this concerns by accident the bottom, lead-
based electrode. Considering the fact the PK10 should be stable in this voltage range, it is unlikely
that this has reacted. However, the presence of both ferrous oxide and lead rules out the possibility of
this being the bottom electrode. The presence of both lead(II) oxides in the electrode, indicates that
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the cell was not airtight. This might lead to an unpredicted side-reaction, that yields the plateau in the
voltage-capacity curve.

From the voltage-capacity curve we can conclude that the FeO is not able to be sufficiently fluorinated.
While the observed voltage plateau at 0.27V vs. Pb/PbF2 is in agreement with the thermodynamic
calculations, the capacity is lacking. While a smaller particle size might be beneficial, the low capacity
indicates that the material likely becomes passivated upon fluorination. This further prevents fluorina-
tion of the active material particles. Therefore this is not suitable for electrochemical fluorination.

4.3. Iron Oxyfluoride
4.3.1. FeOF Cathode Synthesis
Ferrous oxide, FeO, has been tried as cathode material, and electrochemical fluorination has been
attempted. Therefore iron oxyfluoride, FeOF, needs to be evaluated as well. The purpose of this is to
assess whether electrochemical defluorination of this material is possible, as both reactions are needed
for a functioning battery cell.

While ferrous oxide can be obtained from suppliers such as Merck and Thermo Fisher in relatively high
purity, this is not true for iron oxyfluoride. Zhai et al. describes a method to actually synthesise this
material as described in section 4.3.1. After conducting the synthesis, the substrate had the same
ochre colour as described, and was also studied using X-ray diffraction.

Figure 4.24: Indexed XRD pattern of the FeOF synthesis. Red bars indicate unreacted FeF3, green bars indicate FeOF and
pink indicates FeO0.55F2.667

Figure 4.24 displays the XRD pattern of the synthesised FeOF. This synthesis succeeded partially
as the green peaks indicate FeOF, which according to a Rietveld refinement, make up 20% of the
composition. There is also 2% unreacted FeF3 present in the composition. But more interesting is the
57% hexagonal FeO0.55F2.667. While this has not fully reacted to FeOF, it is at least partially formed.
This could have electrochemical activity. The unidentified reflexes are indicated in figure 4.24 by black
circles, but based on the precursors they should be composed of other partially oxygenated iron(III)
fluorides that have not been included in the XRD database, with a formula of FeOxF3–3x.

Two other synthesis methods were tried using the faster method of Zhu et al. as described in section 3.6.
This differs in the fact that a mixture of pentanol andmethanol is used instead of 1-propanol, as well as a
shorter solvothermal reaction time. Both FeF3 andFeF3 · 3H2O were investigated, and both syntheses
did not succeed.
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Figure 4.25: XRD measurement of the FeOF synthesis according to Zhu et al. using FeF3. Red bars indicate reflexes of FeF3,
blue bars indicate where the FeOF reflexes should have been

Figure 4.25 displays the XRD measurement of the FeOF synthesis according to Zhu et al. using dehy-
drated FeF3. It became evident that the sample did not contain any FeOF, and the dehydrated FeF3
had not reacted with the methanol and 1-pentanol mixture. The red lines in the figure indicate reflexes
of FeF3, and the blue lines indicate the FeOF reflexes if they had been present. It is notable that there
is a bump present around 2θ–– 20 °.

Figure 4.26: Refinement of XRD measurement of the FeOF synthesis according to Zhu et al. using FeF3 · 3H2O. All reflexes
belong to FeF3

Figure 4.26 displays the XRDmeasurement and subsequent refinement of hydrated FeF3. The reflexes
at 2θ–– 23.87 °, 2θ–– 54.47 ° and 2θ–– 48.82 ° and others in decreasing intensity indicate FeF3 (COD
entry: 96-100-0477). Analysis indicates this is at least 95% purity. After synthesis, it was noticeable
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that part of the FeF3 · 3H2O had not reacted at all. Absence of a ochre-coloured shell on some particles
was a visual indication that this synthesis did not have the desired outcome. This is reinforced by X-ray
diffraction and subsequent refinement of the pattern as described above.

Three attempts weremade to synthesise this material. Two attempts using the synthesis method of Zhai
et al., using methanol and 1-pentanol as co-solvent, described in section 4.3.1, and one attempt was by
Zhu et al. The latter was partially successful, and yielded a composition with 2% FeF3, 20% FeOF, 57%
FeO0.55F2.67 and 21% other iron(oxy)fluorides. Based on this, a capacity estimation was determined to
be 400 mAh/g, based on the calculated gravimetric capacities of the individual components, assuming
that both the FeOF and the FeO0.55F2.67 will react. The unidentified 21%, assumed to have a formula
of FeOxF3–3x are known to exist according to literature [68], as they have been synthesised using
roll-quenching methods.

In the synthesis using the method by Zhu et al. and using dehydrated FeF3, there is a significant
bump observed in the XRD pattern. The range and shape seem to be aligning with amorphous silica,
figure 4.27, similar to the result of Maddalena et al. [69]. The origin of this is most probably residual
SiO2 that has been taken off by removing the presumed FeOF from the silicate glass of a Büchner
funnel.

Figure 4.27: X-ray diffraction pattern characteristic for silica, SiO2. Reproduced from [69].

Using Zhu’s method, it is not evident why this synthesis did not succeed. Two different types of iron(III)
fluoride were tried, one hydrated, one dehydrated. It was observed that during the second synthesis,
the iron salt did only dissolve slowly into themethanol, this might indicate solubility limits. Some sources
state that the iron salt is ball-milled for half an hour to reduce particle size, and stirred for half an hour
in 1-propanal to ensure the material was fully dissociated in Fe3+ andF– ions [70]. The ball-milling and
the longer stirring time might be tried in subsequent synthesis attempts to ensure that this is not the
root of the issue.

In general, we can say that the method as described by Zhai et al. is successful in at least partially
synthesising the FeOF, which is why this product has been used for assessing the defluorination per-
formance of this material. While the method described by Zhu et al. is unsuccessful, this might be
caused by insufficient preparation of the material, or faulty equipment, or a lapse in carrying out the
proper procedure.

4.3.2. FeOF Electrochemical Performance
One FeOF synthesis partially succeeded and we can evaluate the electrochemical properties of this
material. This was done by constructing the cell as described in section 3.7. The FeOF composite is
the top-electrode and the cell was discharged at 10 μA in the galvanostat.
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Figure 4.28: Voltage-capacity curve of FeOF, cut off at 1.8V and capacity of 0.0019 mAh

Figure 4.28 displays the voltage capacity curve of the FeOF cell. No plateau is observed around 0.27V
vs. Pb/PbF2.The only plateau is starting around 1.5V vs. Pb/PbF2. This plateau has a capacity of
0.0019 mAh, which is almost 0.2% of the expected capacity. While voltage should still be inside the
stability range according to earlier observations, it is on the higher end of this. The cut-off voltage of
1.8V vs. Pb/PbF2 is reached quickly. This means that there is almost no reaction happening in the
lower voltage range.

1.8V vs. Pb/PbF2 is indicative of electrolyte decomposition. While it is just starting, the cell has probably
not been damaged yet. We would expect a defluorination of the expected FeOxF3–3x. This would be
expected below 1V vs. Pb/PbF2, and no plateau is observed there. Therefore we can conclude from
this measurement that the electrode composite of FeO0.55F2.67 and FeOF is not able to be defluorinated.
Due to this result, the cell was reversed. As the Pb/PbF2 composite is used as bottom electrode, and
the cell only reached 0.2% capacity, the cell was charged further to observe what might happen.

(a) Full size curve (b) Zoomed curve

Figure 4.29: Voltage-capacity curve of reversed FeOF cell, cut off at 1.2V and capacity of 0.0019 mAh

Figure 4.29 displays the charge curve of the FeOF cell. It was charged up to 1.2V vs. Pb/PbF2, and
shows 3 plateaus. It concerns a plateau from 0.40V to 0.48V vs. Pb/PbF2, from 0.75V to 0.82V vs.
Pb/PbF2 and a plateau starting at 0.89V vs. Pb/PbF2. Where the first one has a capacity of 0.06 mAh,
0.12 mAh for the second one, and at least and more than 1 mAh capacity for the third.

The first plateau agrees with the observations in the FeO cell, and is probably coming from further
fluorination of the FeO, or partially fluorinated FeO in the sample. The third plateau is of the same
origin as speculated for FeO, as the cell is not airtight, this would lead to a similar lead-based side
reaction. The second plateau is of unknown origin. This comparison is even more clear in figure 4.30
below, that displays the voltage capacity curve of both FeO, and the reversed FeOF cell.
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Figure 4.30: Voltage-capacity curve of FeOF, cut off at 1.8V and capacity of 0.0019 mAh

Figure 4.31: Refinement of XRD measurement of top-electrode of FeOF cell. Red bars indicate the PK10 electrolyte, orange
and blue PbO and green is metallic lead

Figure 4.31 displays the refinement of the XRD measurement of the top electrode of the FeOF cell.
Indexing of the reflexes indicate the presence of PK10 electrolyte, metallic lead, and both polymorphs
of the lead oxide. While the percentage of PK10 electrolyte, 66.8%, matches, a significant amount of
metallic lead and lead oxides is observed, 18.6% tetragonal litharge, 5% orthorhombic massicot and
4% metallic lead.

The presence of the lead(II) oxide indicate that also this cell is not airtight. It can also indicate that a
similar reaction has taken place at the third voltage plateau, probably a conversion to lead(II) oxide. It
is surprising to see that no iron was visible in the XRD pattern, as well as this significant amount of
lead-based phases. Despite this result, the voltage-capacity curve indicates that the FeOF could not
be defluorinated sufficiently. This conclusion is drawn from the lack of capacity at the desired voltage
range.



5
Conclusion

5.1. Conclusion
The intermittent nature of renewable energy systems poses a problem for grid stability to ensure an
adequate supply of electricity. To solve this, electrochemical energy storage might provide a solution,
especially in the form of batteries. Currently, lithium-based batteries are the most widespread commer-
cial option for this storage, but this material suffers from scarcity, which is why alternatives must be
sought. A suitable replacement can be the fluoride-ion battery (FIB) due to the abundance of fluorine
in the form of fluorite. This FIB still needs to be explored, especially in the sense of fluoride-conducting
electrolyte materials, but even more in the sense of suitable electrode materials.

Due to the abundance of iron in the Earth’s crust, and the positive results of this material booked
in the lithium-ion battery sector, an iron-based electrode material is very interesting. Despite earlier
work in the use of conversion-based iron fluorides and intercalation-based Ruddlesden-Popper phases,
both materials were either lacking in stability or energy density. Therefore oxyfluorides were explored,
as in these structures the oxygen anions provide a scaffolding function, reducing the expansion and
contraction of the material upon fluorination and defluorination.

The main goal of this research was to evaluate the eligibility of FeOF as cathode material for fluoride-ion
batteries. To find the answer to this question, FeO was made into an electrode composite, which was
incorporated in a solid-state electrochemical cell which was galvanostatically charged to understand its
behaviour. The electrode composites were studied using SEM and X-ray diffraction to investigate the
properties of the materials before and after the (dis)charging of the cell. To be suitable, the material
must be able to be fluorinated and defluorinated for a significant part of its theoretical capacity. To
investigate whether this is feasible, various research questions were investigated.

A suitable testing environment was established for the assessment of this material. Using a composite
of lead/lead(II) fluoride as both counter- and reference electrode, as well as the CsPb1– xKxF3– x elec-
trolyte, the FeO composite was tested. It was found that there was activity in the expected voltage
range, most likely originating from the fluorination of FeO. It was found that a capacity of almost 0.0019
mAh was reached, which corresponds to 0.2% of the theoretical capacity.

To evaluate the defluorination of iron oxyfluoride, this material first needed to be synthesised. Twometh-
ods were assessed, and only one of these was just partially successful. Further research is needed to
find a more suitable chemical synthesis method. The partially synthesised FeOF underwent an attempt
of defluorination. This is considered impossible as it showed no signs of electrochemical reactivity in
the voltage range of 0V - 1.8V vs. Pb/PbF2, while the defluorination is expected at 0.27V vs. Pb/PbF2.

All in all, due to the low capacity of FeO upon fluorination, and the inability of the FeOF to become
defluorinated, we can conclude that this pioneering work in the suitability of iron oxyfluoride as cathode
for fluoride-ion batteries comes out negative. Iron oxyfluoride is not a suitable material for this purpose.
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5.2. Recommendations
While it is found that FeO and FeOF are not suitable as electrode materials, a wide array of other
materials might be. This work evaluated the suitability of an ambivalent Pb/PbF2 electrode composite
that can function both as a reference electrode and as a counter electrode. The electrochemical stability
window of the PK10 electrolyte was also determined against the Pb/PbF2 electrode. This combined with
the finding that the air-tight cells are not as impermeable as initially thought, builds a strong foundation
for future research. By using a similar setup, several different electrode materials might be evaluated
and a systematic approach with a theoretical or computational basis can quickly assess a broad range
of possible electrode materials.

Further recommendations and modifications would be the possibility of in-situ XRD. By using this tech-
nology, information might be obtained concerning the actual phase changes in the active material upon
reaction and provide insight into the processes happening inside the electrochemical cell. Concerning
other equipment, maintaining an argon atmosphere inside of the cell is critical to prevent unfavourable
side reactions. Therefore in future research, it is recommendable to make modifications to the cell to
ensure the impermeability of the cell structure.
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A
Extra Data

A.1. PK10 data

CsPb1– xKxF3– x Lattice parameter Å Potassium Content (x) χ2

Literature PK00 4.79807 0.00 -
Literature PK10 4.79407 0.10 -

Batch 1 4.79315 0.089 13.6
Batch 2 4.79191 0.066 3.4
Batch 3 4.79607 0.009 3.4
Batch 4 4.79236 0.087 6.6
Batch 5 No measurement - -
Batch 6 4.79656 0.070 18.7

Table A.1: Rietveld refinement results of the synthesised CsPb1– xKxF3– x batches, excluding batch 5, no measurement was
taken. Batch 1 was obtained from an earlier project.

Figure A.1: Measured Nyquist plots of the PK10 measurements. The x-axis is the real impedance, the y-axis the imaginary
impedance
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A.2. FeO Precursor Data

Figure A.2: X-ray diffraction measurement of FeO, obtained from Thermo Fisher using a Bruker diffractometer. Red bars
indicate Fe0.91O, blue bars FeO, green bars α-iron and purple Fe3O4.

The X-ray diffraction measurement on the Bruker diffractometer yielded significantly different results.
According to those measurements the sample contains FeO, Fe and Fe3O4 in a ratio of 91:4:5. How-
ever, as refinement is not possible, the other measurement will be taken as standard for all tests.

A.3. Pb/PbF2 symmetric cells

(a) Nyquist plot before galvanostatic discharging (b) Nyquist plot after galvanostatic discharging

Figure A.3: Impedance measurements of Pb/PbF2:PK10:Pb/PbF2 cell. a) Impedance before galvanostatic discharging. b)
Impedance after galvanostatic discharging.

The initial impedance measurements do not show any anomalies for both cells. An up to 10% deviation
is an accepted inaccuracy, and this is dependent on the thickness of the pellet, and the thickness of
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the electrolyte layer within the pellet. The resistance is slightly higher compared to the earlier PK10
impedance measurements. This is due to the cathode and anode also contributing to the overall thick-
ness. The second impedance measurement for cell 1 and 2 exhibit interesting behaviour. Cell 1 has a
blend between the first and second semicircle, indicating that several processes happen in the same
frequency range. In this case it seems that the second semicircle, the charge/mass transfer resistance,
has become spread out. The bulk resistance in both cells has significantly reduced, practically halved.
The behaviour of cell 2 has a very clear 45 ° Warburg impedance part after Z = 100Ω. In figure A.3b,
the second impedance measurements of cell 3 and 4 have been omitted due to a procedural lapse
occurring, resulting in the inadvertent exclusion of the impedance measurements for these cells.

A.4. PK10 Performance

(a) Impedance before galvanostatic discharging (b) Impedance after galvanostatic discharging

Figure A.4: Impedance measurements of ECC:PK10:Pb/PbF2 cell

The impedance measurements before discharge figure A.4a indicate that cell 1 already had a slightly
worse ionic conductivity, and a larger charge/mass transfer resistance compared to cell 2. This can
indicate that either the electrolyte layer is thicker or inconsistent in cell 1, or a worse contact between
the different internal interfaces, leading to a higher internal resistance. Inhomogeneity in the electrode
distribution can also cause the second semicircle to manifest itself before the first one is properly fin-
ished. This effect is even stronger in the impedance measurement after galvanostatic discharging,
figure A.4b.



B
Experimental Method

B.1. Electrolyte
Electrolyte PK10 PK10 PK01 PK10 PK10 PK10

Name EK-100-02 PBR-004-02 PBR-004-03 PBR-004-04 PBR-004-05 PBR-004-06
Date Created 01/01/2023 03/04/2023 03/04/2023 11/04/2023 11/04/2023 14/06/2023

CsF 1481.0 mg 1516.8 mg 1524.4 mg 1469.3 mg 1492.4 mg 1482.3 mg
Weighted 1481.0 mg 1519.5 mg 1515.1 mg 1488.0 mg 1498.5 mg 1489.1 mg
Loss 2.7 mg -9.3 mg 18.7 mg 6.1 mg 6.8 mg
PbF2 2139.0 mg 2199.5 mg 2204.4 mg 2150.0 mg 2161.8 mg 2154.1 mg

Weighted 2139.0 mg 2213.0 mg 2209.8 mg 2162.0 mg 2164.2 mg 2162.2 mg
Loss 13.5 mg 5.4 mg 12.0 mg 2.4 mg 8.1 mg
KF 56.0 mg 58.0 mg 5.9 mg 55.9 mg 58.3 mg 65.9 mg

Weighted 56.0 mg 58.0 mg 5.9 mg 57.3 mg 60.0 mg 67.0 mg
Loss 0.0 mg 0.0 mg 0.0 mg 1.4 mg 1.7 mg 1.1 mg
Total 3676.0 mg 3774.3 mg 3734.7 mg 3675.2 mg 3712.5 mg 3702.3 mg

Weighted 2000.0 mg 2900.0 mg 2900.0 mg 3153.0 mg 3179.9 mg 3304.0 mg
Loss 1676.0 mg 874.3 mg 834.7 mg 522.2 mg 532.6 mg 398.3 mg

Pellet (avg.) 0.601 mm 0.602 mm 0.493 mm 0.505 mm 0.569 mm 0.570 mm
M1 0.601 0.594 0.484 0.52 0.608 0.577
M2 0.588 0.494 0.505 0.525 0.538
M3 0.58 0.501 0.488 0.53 0.566
M4 0.645 0.503 0.593 0.555
M5 0.508 0.587 0.615

Impedance 212 305 1020 287 290 202
Conductivity 0.36 mS/cm 0.25 mS/cm 0.06 mS/cm 0.22 mS/cm 0.25 mS/cm 0.36 mS/cm

Notes Extra KF added
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B.2. FeO Composite
Composite FeO Cath FeO Cath FeO Cath FeO Cath

Name PBR-100-01 PBR-100-02 PBR-100-03 PBR-100-04
Specific capacity (mAh/mg) 0.11 mAh/mg 0.11 mAh/mg 0.11 mAh/mg 0.11 mAh/mg

Date Created 10/01/2023 06/04/2023 04/05/2023 04/05/2023
FeO 27.7 mg 161.8 mg 81.7 mg 221.8 mg

Weighted 28.4 mg 162.3 mg 82.1 mg 222.0 mg
Loss 0.7 mg 0.5 mg 0.4 mg 0.2 mg
Name PBR-003-01 PBR-003-02 PBR-008-01 PBR-003-02
C-tubes 9.1 mg 53.6 mg 26.5 mg 74.0 mg
Weighted 9.5 mg 53.8 mg 27.1 mg 74.0 mg
Loss 0.4 mg 0.2 mg 0.6 mg 0.0 mg

Electrolyte 53.8 mg 321.7 mg 161.5 mg 444.0 mg
Weighted 54.1 mg 321.9 mg 162.1 mg 444.3 mg
Loss 0.3 mg 0.2 mg 0.6 mg 0.3 mg
Name EK-100-02 PBR-004-02 PBR-004-05 PBR-004-05
Total 90.6 mg 537.1 mg 269.7 mg 739.8 mg

Weighted 84.3 mg 531.6 mg 248.4 mg 546.0 mg
Loss 6.3 mg 5.5 mg 21.3 mg 193.8 mg

B.3. Pb/PbF2 Composite
Composite PbF2 An PbF2 An PbF2 An

Name PBR-300-01 PBR-300-02 PBR-300-03
Specific capacity (mAh/mg) 0.03 mAh/mg 0.03 mAh/mg 0.03 mAh/mg

Date Created 10/01/2023 05/04/2023 21/04/2023
PbF2 46.2 mg 122.6 mg 122.1 mg

Weighted 46.3 mg 123.8 mg 123.6 mg
Loss 0.1 mg 1.2 mg 1.5 mg
Name PBR-001-01 PBR-001-02 PBR-001-03
Pb 45.8 mg 120.4 mg 122.7 mg

Weighted 46.5 mg 122.5 mg 123.0 mg
Loss 0.7 mg 2.1 mg 0.3 mg
Name PBR-002-01 PBR-002-01 PBR-002-01
C-tubes 30.7 mg 81.2 mg 81.3 mg
Weighted 31.3 mg 81.3 mg 82.0 mg
Loss 0.6 mg 0.1 mg 0.7 mg
Name PBR-005-01 PBR-005-01 PBR-005-02

Electrolyte 184.1 mg 487.4 mg 494.0 mg
Weighted 184.2 mg 487.5 mg 496.0 mg
Loss 0.1 mg 0.1 mg 2.0 mg
Name EK-100-02 PBR-004-02 PBR-004-04
Total 306.8 mg 811.6 mg 820.1 mg

Weighted 295.1 mg 787.5 mg 803.0 mg
Loss 11.7 mg 24.1 mg 17.1 mg
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B.4. FeOF Composite
Composite FeOF cath

Name PBR-200-01
Specific capacity (mAh/mg) 0.03 mAh/mg

Date Created 10/06/2023
FeOF 16.0 mg

Weighted 16.1 mg
Loss 0.1 mg
Name PBR-006-03
C-tubes 4.9 mg
Weighted 5.2 mg
Loss 0.3 mg
Name PBR-005-01

Electrolyte 30.5 mg
Weighted 30.9 mg
Loss 0.4 mg
Name PBR-004-06
Total 51.4 mg

Weighted 48.3 mg
Loss 3.1 mg

B.5. Symmetrical Cells
Cell PbF2/PbF2 PbF2/PbF2 PbF2/PbF2 PbF2/PbF2
Name PBR-4000-01 PBR-4000-02 PBR-4000-04 PBR-4000-05

Capacity (mAh) 0.962 mAh 1.018 mAh 1.046 mAh 1.018 mAh
Date Created 18/04/2023 18/04/2023 07/05/2023 07/05/2023

Active Material Cath 4.6 mg 4.7 mg 4.8 mg 4.7 mg
Top 30.5 mg 31.4 mg 31.9 mg 31.8 mg

Weighted 31.0 mg 31.4 mg 32.2 mg 32.3 mg
Loss 0.5 mg 0.0 mg 0.3 mg 0.5 mg
Name PBR-300-02 PBR-300-02 PBR-300-03 PBR-300-03

Electrolye 215.1 mg 202.1 mg 199.8 mg 199.1 mg
Weighted 215.6 mg 202.6 mg 202.8 mg 200.7 mg
Loss 0.5 mg 0.5 mg 3.0 mg 1.6 mg
Name PBR-004-04 PBR-004-04 PBR-004-06 PBR-004-06

Active Material An 4.4 mg 4.5 mg 4.8 mg 4.7 mg
Bottom 29.2 mg 30.1 mg 32.0 mg 31.3 mg
Weighted 29.2 mg 30.9 mg 34.0 mg 32.0 mg
Loss 0.0 mg 0.8 mg 2.0 mg 0.7 mg
Name PBR-300-02 PBR-300-02 PBR-300-03 PBR-300-03

Cathode cap 1.004 mAh 1.034 mAh 1.046 mAh 1.018 mAh
Anode cap 0.962 mAh 1.018 mAh 1.046 mAh 1.018 mAh
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B.6. FeO Cells
Cell FeO 1 FeO 2
Name PBR-8000-01 PBR-8000-02

Capacity (mAh) 0.89 1.05
Date Created 12/06/23 12/06/23

Shown Capacity 0.02%
Active Material Cath FeO FeO

Top 7.9 mg 9.3 mg
Weighted 9.2 mg 9.7 mg
Loss 1.3 mg 0.4 mg
Name PBR-100-04 PBR-100-04

Electrolye 204.5 mg 201.8 mg
Weighted 206.5 mg 203.0 mg
Loss 2.0 mg 1.2 mg
Name PBR-004-06 PBR-004-06

Active Material An PbF2 PbF2
Bottom 57.1 mg 59.5 mg
Weighted 61.2 mg 61.3 mg
Loss 4.1 mg 1.8 mg
Name PBR-300-03 PBR-300-03

Cathode cap 0.89 1.05
Anode cap 1.87 1.94

B.7. FeOF Cells
Cell FeOF/PbF2 FeOF/PbF2
Name PBR-9000-01 PBR-9000-02

Capacity (mAh) 1.09 mAh 1.09 mAh
Date Created 18/04/2023 18/04/2023

Active Material Cath 2.2 mg 2.2 mg
Top 7.3 mg 7.3 mg

Weighted 7.8 mg 8.5 mg
Loss 0.5 mg 1.2 mg
Name PBR-300-02 PBR-300-02

Electrolye 203.1 mg 206.4 mg
Weighted 204.1 mg 211.0 mg
Loss 1.0 mg 4.6 mg
Name PBR-004-04 PBR-004-04

Active Material An mg mg
Bottom 49.1 mg 54.0 mg
Weighted 50.2 mg 59.3 mg
Loss 1.1 mg 5.3 mg
Name PBR-300-02 PBR-300-02

Cathode cap 1.09 mAh 1.09 mAh
Anode cap 1.60 mAh 1.76 mAh


	Preface
	Summary
	Nomenclature
	Introduction
	State of the Art
	Battery Concept
	Lithium-ion Battery Limitations
	Anion-Shuttle Batteries
	Fluoride Ion Battery
	Fluoride Ion Battery Electrolytes
	Anode Materials
	Intercalation Cathode Materials
	Conversion Cathode Materials
	Objective

	Methodology
	Pb/PbF2 Composite
	Ball Milling
	Electrolyte Synthesis
	FeO Composite
	Scanning Electron Microscopy
	Iron Oxyfluoride Synthesis
	Cell Fabrication
	Electrochemical Impedance Spectroscopy
	Galvanostatic Charging and Discharging
	X-Ray Diffraction

	Results & Discussion
	Materials and Synthesis
	Pb/PbF2 Composite and Precursors
	Electrolyte
	FeO Composites and Precursors

	Electrochemical Performance
	Symmetrical PbF2 Anode
	PK10 Electrolyte
	FeO Cathode

	Iron Oxyfluoride
	FeOF Cathode Synthesis
	FeOF Electrochemical Performance


	Conclusion
	Conclusion
	Recommendations

	References
	Extra Data
	PK10 data
	FeO Precursor Data
	Pb/PbF2 symmetric cells
	PK10 Performance

	Experimental Method
	Electrolyte
	FeO Composite
	Pb/PbF2 Composite
	FeOF Composite
	Symmetrical Cells
	FeO Cells
	FeOF Cells


