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Abstract

Batteries play a vital role in the ongoing energy transition, driving the demand for safer, energy denser and
higher performing energy storage solutions. This has propelled research of solid-state batteries. Halide
electrolytes, with high ionic conductivities and high oxidation stabilities, have attracted tremendous inter-
est. Currently, the main challenge is that most promising halide solid electrolytes are reliant on expensive
and scarce metals, hindering their application at an industrial scale. Therefore, it is of great significance
to develop cost-effective halide electrolytes. Zr-based electrolytes show great promise due to their cost-
effectiveness (ZrCly = 12.5 USD/kg) and high abundance in the earth’s crust (165 mg/kg). However, so far
their conductivity have been unsatisfactory, falling below 1 mS/cm. Anion doping with elements like CI,
Br, I, and O has demonstrated to be effective in improving the conductivities of sulfide solid electrolyte. In
this work, the O-doping effect is investigated in Zr-based halide solid electrolytes with Lis, ZrCl4,O,.. By
using various analysis techniques such as X-ray diffraction, electrochemical impedance spectroscopy, and
cyclic voltammetry, this study explores the relationship between compositions, conductivities, and phases
within the Lis, ZrCl4O,, system. The findings reveal that, for each Zr-based oxyhalide composition, vary-
ing ball milling times result in different phases, with the most amorphous phase displaying the highest
ionic conductivity. Specifically, for x = 1, LisZrCl4O reaches 1.60 mS/cm after 17.2 hours of ball milling,
characterized by a structure featuring 61% amorphous content. Additionally, it demonstrates good per-
formance as an all-solid-state battery with LiNip gMng ;Cog.102/ LioZrCl,O/ LigPS5Cl/Li-In, achieving
an initial capacity of 125.6 mAh/g at 0.5C and retaining 67.47% capacity after 1000 cycles. Moreover, the
impact of I-doping is further explored in Li3YClsBrs_,I,, another cost-effective halide solid electrolyte
(YCl3 = 330 USD/kg and 33 mg/kg). The LisYCl3Brs_, I, electrolyte displays tunable conductivity and
stability characteristics with an excellent conductivity of 3.55 mS/cm for x = 1 compared to 1.94 mS/cm
for x = 0 but with a trade-off in oxidation potential of 3.474 V to 3.59 V. This study provides insights into
novel cost-effective electrolytes and exhibits the potential of anion doping in enhancing and tuning both
conductivity and stability. These electrolytes hold a serious potential as a solid electrolyte in solid-state
batteries.
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Background

1.1 General battery history and future need

Batteries are devices that store chemical energy and convert it to electrical energy. They find many
applications in daily life such as laptops, electric vehicles and phones. The battery is an old discovery
which was first found by Alessandro Volta in 1800. However, the first rechargeable battery was only
found later by Gaston Planté in 1859 and was based on lead acid [1]. Since then, only a handful of other
batteries have emerged on a commercial scale with most known the lithium-ion battery developed by
Sony in 1991 [2].

From Figure 1a it is observed that the older battery technologies (lead-acid and Ni-Cd) have low energy
densities and have not evolved much over time. Currently, considering commercially available batteries,
lithium ion batteries hold the highest energy densities [3]. However, bottlenecks such as safety, limitations
in energy density, environmental issues and charging speed with traditional Li-ion batteries have started
the search for alternative battery technologies such as solid-state batteries.

Batteries have become an indispensable product in every day life, which is found all over the globe and will
become even more important in the future. Since renewable sources such as solar and wind will become
increasingly prevalent in future energy systems. Batteries can store surplus renewable energy generated
during peak periods and supply it to the grid when renewable energy generation is limited, thereby
mitigating grid congestion. Moreover, batteries are also crucial for the electrification of the transportation
sector.

Considering the battery market, in the past it has been growing and is expected to expand substantially
in the future as shown in Figure 1b [4]. The main producer of batteries in the world is China, where 70%
of them are manufactured. The annual production of batteries in 2020 was 320 GWh. By targets set by
governments around the globe it is anticipated that the annual battery production will be 1500 GWh by
2030 and in subsequent years 3000 GWh [5].
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Figure 1: (a) Energy density plot of several battery technologies used in EVs [3] and (b) Expected battery market
evolution [4]



1.2 Lithium-ion battery
1.2.1 Lithium-ion battery principle

In a typical lithium-ion battery structure, there are four main layers (as illustrated in Figure 2): the neg-
ative electrode (anode), positive electrode (cathode), electrolyte and separator. During the discharging
process of the battery, LiT ions are released (deintercalation) at the anode along with electrons. The Li™
ions pass through the electrolyte while the electrons flow through an external circuit towards the cathode.
At the cathode, these electrons and ions recombine, completing a redox reaction, where one species loses
an electron (oxidized), while the other gains an electron (reduced). Because this reaction is reversible,
applying a current can initiate the reversal of these half-reactions, constituting the charging phase [6].

The primary function of the electrolyte is to only allow transport of ions (here Li™) from one electrode
to the other and prevents short circuiting. The separator, on the other hand, acts as a physical barrier
between the anode and cathode. It only allows the passage of LiT ions while blocking the movement of
electrons between both electrodes. This separation ensures the safe and efficient operation of the battery

[7].
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Figure 2: Li-ion battery charge and discharge working principle [8]

There exist various types of anode and cathode materials. For each type the fundamental principle re-
mains the same. An example of a redox reaction in a commercial liquid lithium-ion battery is shown in
equation 1 and 2. This redox reaction involves the transfer of electrons between different species. Here
the transition metal "M", for example cobalt (Co), is oxidized from Co®* to Co*t within Li, CoOs during
the charging phase and is reduced from Co** to Co®* during the discharging process [6]. The overall
reaction results in a balanced reaction.

Positive electrode:

LiCoOy <= Liy_,C004 + xLiT + ze~ (1)
Negative electrode:
6C + xLit + re” <= Li,Cs )
Overall reaction
LiCoOq +6C <= Li,Cg + Lii_,C002 (3)



1.2.2 Solid-state batteries

Lithium-ion batteries have the advantage of possessing a high discharge voltage, high cycle stability and
good energy densities. For these reasons lithium-ion batteries are the most commercially used batteries
[9]. Liquid lithium-ion batteries are still improving but they are approaching a physico-chemical limit
that may hinder further advancements, particularly in terms of energy density [10].

Additionally, the liquid electrolytes in lithium ion batteries are highly flammable and pose a safety risk
for larger systems due to fire accidents and explosions. Therefore, intensive research is being conducted
in the field of all-solid-state batteries (ASSB) which aim to replace the liquid electrolyte with a solid elec-
trolyte. Solid-state batteries (SSB) offer several advantages including potential for higher energy density
(due to higher packing efficiency from less dead weight loss), freedom in the design of the battery geom-
etry, compatibility with high potential cathodes and eliminate the safety concerns [11, 12]. Lastly, faster
charging and discharging is possible due to better thermal stability meaning the SSB can run at higher
currents [13].

The structure of a solid state battery is shown in Figure 3a with the anode, solid state electrolyte and the
cathode. The current collector serves to collect the electrons generated at the anode during discharge and
transport them through the external circuit to the cathode, where they combine with ions to complete
the electrochemical reaction. Additionally, there is no need for a separator as the solid electrolyte already
acts as a physical barrier between the anode and cathode.

In Figure 3b the reaction in a solid state battery is shown. This is the same principle as in a traditional
battery.
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Figure 3: (a) Structure of a solid state battery [14]. (b) Solid state battery charge and discharge working principle
(15]

1.2.3 Types of electrolytes

As stated previously, the purpose of electrolyte is to let ions flow between the positive and negative
electrodes, enabling the flow of electric current while maintaining the charge balance within the system.
The ideal electrolyte should have a good ionic conductivity (1 to 10 mS/cm), compressibility, and cost
effectiveness [16]. Additionally, a wide electrochemical stability window is also important and a negligible
electron conductivity [12]. Moreover, the electrolyte should exhibit compatibility and stability with the
electrodes and should be safe. In the context of a complete battery, the battery should have extensive
cycle life, elevated volumetric energy density, high power density and be cost-effective, and scalable.

There are many different electrolytes in batteries. The most common electrolyte type is the non-aqueous
liquid electrolytes which are organic solvent-based electrolytes and are commonly used in lithium-
polymer batteries [17]. However their main drawback is their flammability. Another important electrolyte



is the aqueous electrolytes which are water-based electrolytes and are commonly used in alkaline bat-
teries and some types of flow batteries. But they are limited by the thermodynamic electrochemical
window of water [18].

As mentioned before, another type of electrolyte is the solid-state electrolytes which are becoming
increasingly researched due to their potential for enhancing safety, higher energy density, faster charging
and discharging and cycle life. Solid electrolytes can be categorized into inorganic (e.g. oxides, sulfides,
halides) and polymer electrolytes (gel and composite) [19]. In this report the solid electrolytes investigated
are part of the halide and oxyhalide group.

Lastly, another interesting emerging electrolyte is the hybrid electrolytes that combine characteristics
of inorganic solid and solid polymer electrolytes, that aim to achieve the benefits of both electrolytes
while minimizing their drawbacks (e.g. high ionic conductivity and high electrode stability) [20].

1.2.4 Anode and Cathode materials

In liquid lithium-ion batteries, the most commonly used anode material is graphite, whereas in SSB,
lithium metal is commonly employed as the anode. The reason for using Li-metal is that it has the lowest
reduction potential (0 V vs. Li/Li™) meaning that the overall cell voltage will be higher leading to higher
energy density. Li-metal also holds high capacities (2046 mAh/cm?® and 3862 mAh/g) [21]. However, due
to stability issues with the solid electrolyte often an indium-lithium metal alloy is used.

Cathodes are more versatile and are selected by their rate capability and long term cycling. Some tra-
ditional cathode materials for lithium ion batteries are lithium oxides like LiCoOs, NMC (lithium nickel
manganese cobalt oxides) and lithium iron phosphates (LiFePO,4)[22, 23]. In SSBs, these materials are
common cathodes, but sulfur and composite cathodes are examples of researched materials [9].

1.3 Raw material availability and cost

Future global demand for raw materials in batteries will increase drastically. Nickel, graphite and lithium
demand are projected to increase by 20, 19 and 14 times, respectively, in 2040 compared to 2020. With
China being the main exporter. In the future, shortfalls can be expected for these materials. Therefore,
using more abundant materials, extending battery lifespan and recycling will become more and more
important. Additionally, extensive research is being conducted to enhance battery technologies with
greater performance, superior energy density, faster charging, enhanced environmental safety (e.g. cobalt
mining and material availability) and more cost-effective materials. Which would make batteries more
accessible [5].

As stated previously, for emerging battery technologies to be economically viable and competitive against
traditional ones, they must use readily available materials and be cost-effective. Figure 4a provides in-
sight into the abundance of elements in the earth’s crust, which are specifically used in halide solid state
electrolytes. Here it is clearly visible that material availability varies considerably. Comparing active
materials, lithium and sodium, Li is more scarce with 20 mg/kg then Na with 23600 mg/kg. This is one of
the reasons for research into sodium-ion batteries. Considering metals there is a huge difference in abun-
dance. Titanium, for instance, is the most abundant metal with 5650 mg/kg followed by zirconium with
165 mg/kg. Additionally, metals like yttrium, niobium, and indium exhibit varying levels of availability,
with 33 mg/kg, 3 mg/kg and 0.25 mg/kg respectively. Lastly, the abundance of halides also differ from
each other with fluoride (585 mg/kg), chloride (145 mg/kg), bromide (10 mg/kg), iodide (0.45 mg/kg) and
sulfide (350 mg/kg). Additional information regarding the abundance of all elements and of abundance
of metals in solid electrolytes can be found in Figure A.1.

In general, looking at Figure 4b, elements that are less abundant tend to have higher prices. But interest-
ingly, material prices don’t always align with the natural abundance of an element. For example, despite
yttrium (Y) being more abundant then europium (Eu) the price difference is very similar. This might be
due to the difficulty of material extraction or their use in global industries.
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Since abundance and price of materials can affect the viability and cost-efficiency of battery production,
a careful selection of materials is crucial [24]. From a paper from Hu et al. the material cost of a solid
electrolyte should not exceed 50 USD/kg in order to be a commercially viable electrolyte [16].
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Figure 4: (a) Abundance of elements in the earth’s crust used for halide solid state electrolytes [24], (b) Price per
element in USD/kg [24].

In this project, the oxyhalide Liy,ZrCl4O,, is prepared with precursors ZrCly and LisO. Compared to
other metals, zirconium (Zr) is an abundant metal with 165 mg/kg in the earth’s crust. This abundance is
particularly clear when compared with other raw materials used in the synthesis of chloride-based solid

electrolytes (see Figure A.1). Besides titanium (Ti) the closest metal in abundance is cerium (Ce) with 66.5
mg/kg.

Commercially zirconium is derived from zircon (ZrSiO4) and undergoes a chemical reaction to obtain
ZrCl, as shown in the following reaction.

ZrSiOy + 20 + 4C1ly = ZrCly + SiCly + 2C0, )

ZrCly hosts multiple advantages, particularly its wide use in industrial areas (=1 Mton produced per
year[25]). Figure 5 presents a comparison of cost per kg for all precursors employed in chloride-based
electrolytes. It is clear that ZrCly is by far the cheapest with 12.5 USD/kg followed by YCl3 with 320.3
USD/kg [26]. Another research paper estimated ZrCly to cost 8.1 USD/kg [27].
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Figure 5: Estimated prices for chemicals used in chloride solid state electrolytes in USD/kg [26].

Li5O is used in niche applications such as pharmaceuticals or nuclear reactors. Lithium oxide can be
produced in a rather simple reaction pathway. Commonly it is formed by burning Li metal in air at
temperatures above 100°C (see reaction 5). As of September 2023, in Sigma Aldrich, 100g of Li;O costs
535 euros. But this may not accurately reflect real-world pricing since it has a very limited range of
applications. Especially since Li2O can be prepared from cheap chemicals such as LioCO3, LiOH, and
their hydrates [16].

ALi + Oy = 2Liy0 (5)

However, a lithium shortage is anticipated by 2025 since it takes 16.5 years to start operation in a new
lithium mine and the demand is increasing drastically. Also lithium reserves are heavily concentrated in a
small number of countries, with 80% of these reserves located in China [5]. Therefore, it can be beneficial
if the electrolyte does not heavily rely on lithium.

In this first research project, the focus is on investigating the oxyhalide electrolyte Lis,ZrCl4O,. To
gain insights, it is interesting to compare this with a similar composition described in literature. In a
study by Hu et al., they synthesized Li; 75ZrCly 7500 5 using LioO, ZrCly, and LiCl. They estimate their
electrolyte to cost 11.60 USD/kg which is significantly below their claimed 50 USD/kg threshold needed
for commercial viability. This exhibits the promise of Lis, ZrCl4O,, as a cost-effective electrolyte option.

Considering the mixed halide electrolyte examined in this second project, the abundance of yttrium is
slightly lower at 33 mg/kg. Additionally, the estimated cost for the Zr-based oxyhalide with LizYClg
is approximately 196.31 USD/kg [16]. While this cost is higher than that of the Zr-based electrolyte, it
remains significantly cheaper than other researched halide solid electrolytes.

1.4 Ionic conductivity in batteries

Electronic and ionic conductivity are important parameters in a battery. The basic principle in a battery
is the transport of charged particles between the anode and cathode. The ionic conductivity is governed
by the Li-ions that move through the electrolyte and the electronic conductivity is mostly relevant at the
electrodes.

1.4.1 Activation energy and bottleneck

Ionic conductivity is responsible for the charge and discharge rate, capacity and cycling stability. Con-
ductivity is based on diffusion of ions which involves ions hopping from one structural position to a
neighboring one (see Figure 6). This diffusion is controlled by temperature, which follows an Arrhenius

12



behavior (which represents the reaction rate through the activation barrier). Additionally, temperature
affects ion jump rates and jump distances. This jump rate is also dependent on the crystal structure and
size.

The activation energy (E, ) represents the minimum energy required for a reaction to occur. In the context
of solid electrolytes, E, refers to the energy required to create mobile defects (E¢) and to the highest
energy barrier that ions must overcome to migrate through the solid electrolyte (E,,) [28]. See Figure 6a
for an illustration of the energy needed for an ion to migrate through the solid by direct vacancy hopping.
The importance of activation energy is with its relation towards the ionic conductivity. As in theory, with
lower E, the mobility of ions and ionic conductivity increases [29].

The activation energy is dependent on the Arrhenius equation. The Arrhenius equation defines the tem-
perature dependence of conductivity. This results in the following equation 6. Where o is the electrical
conductivity (S/cm), o is the pre-exponential factor (S/cm), Ea is the activation energy (eV), R is the gas
constant (8.3145 J/mol) and T is the absolute temperature (K) [30].

_ Eq
oc=o0p-€ RT (6)

The pre-factor can be further computed with the equation 7. Where z is the geometrical factor, n is the
charge carrier concentration and q is charge of diffusing ion. A S,,, represents the entropy of the diffusing
ion and kp the Boltzmann constant. Lastly, ag is the jump distance, and vg the attempt frequency [29].

2 Asy
- Zn(Q) .e FB - a(Q),UO (7)

The oscillatory frequency vy can be written in terms of activation energy, lithium concentration and the
jump distance.

1 J2Ex

8
ap V Mr; ®)

Vo =

As introduced, an important parameter for E, is the migration energy (E,,). The E,, is tied to the re-
sistance encountered within the host structure of the migrating ions. This energy barrier is often also
referred to as the bottleneck. This bottleneck can be pictured as the area spanned by neighboring atoms in
a crystal structure [31]. Figure 6b provides an illustration of this bottleneck, where the red ball symbolizes
an ion migrating through a crystal structure [28].

The modification of bottleneck size has a direct impact on activation energy and, consequently, ionic
conductivity. By altering the lattice volume and ionic size a change in activation energy can be seen.
The diffusion coefficients of different mobile monovalent ions can vary significantly in the same crystal
structure. Consequently, the optimal bottleneck size for a specific ion leads to the highest diffusion coeffi-
cient and the lowest activation energy. This phenomenon occurs because ions with a larger ionic size are
blocked from traversing through the bottleneck, whereas ions that are too small may become trapped in
the local energetic minima. Therefore, adjusting the bottleneck size can lead to lower activation energies
and can be achieved through complete or partial substitution of atoms inside the host lattice with larger
atoms. For these reasons, ensuring an optimal bottleneck size is crucial to minimizing activation energy
and maximizing ionic conductivity [28, 31].

The defect formation energy (Ey) is another factor influencing the activation energy. It determines the
presence of interstitials, vacancies, and occupancy in lattice sites. Additionally, substitution of aliovalent
cations can create more interstitials and vacancies influencing the ionic conductivity [28].
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Figure 6: (a) Energy barrier for ion hopping through direct vacancy mechanism [29] and (b) an illustration of a
mobile ion in a crystalline solid [28].

1.4.2 Types of conductivity mechanisms

Ionic diffusion can be one-, two- or three dimensional meaning the Li* ions diffuse in a line, plane or in all
directions. There are two types of ion diffusion that are relevant for solids: vacancy/defect and non defect
mechanisms [32]. The type of diffusion mechanism depends on the crystal structure. For defect driven
mechanisms two distinct types exist: vacancy and divacancy. In vacancy mechanism an ion jumps to a
neighboring vacancy that is an atomic defect in the crystal or metal (see Figure 7a). Divacancy mechanism
is the jumping through a group of vacancies [33].

For non defect driven mechanisms, there are four distinct processes: direct interstitial, collective, in-
terstitialcy and interstitial-substitutional exchange. The direct interstitial mechanism of ion diffusion
occurs when ions or atoms move within a crystal lattice through occupying interstitial sites (see Figure
7b). These interstitial sites are small empty spaces or voids between regularly arranged lattice sites of
the host crystal structure. Therefore, the ion should be smaller than the host atom’s interstitial sites to
not change the lattice structure. Collective diffusion is a mechanism where particles interact with each
other and the motion of one particle is influenced by the positions and motions of neighboring particles.
This collective mechanism is a common mechanism in amorphous systems (see figure 7c). Interstitialcy
is similar to direct interstitial mechanism but involves interstitial atoms with sizes similar to those of
lattice atoms. The diffusion occurs by the interstitial atom being displaced by a lattice atom which then
can displace another lattice atom and so on. The diffusion occurs through atoms moving by jumping into
and out of interstitial sites within the crystal structure (see Figure A.3) [33].

Vacancy Direct Correlated
a b interstitial c (interstitialcy)

. Occupied stable ® Occupied metastable T

7 cation site cation site ;
Vi t stabl V P —— Direct
acant stable 'acant metastable
cation site cation site — Correlated

Figure 7: Different ionic diffusion mechanisms in a solid [29].
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1.4.3 Conductivity in Li-ion batteries

In lithium-ion batteries, generally the main diffusion mechanism at the electrodes is vacancy diffusion.
This occurs because lithium vacancies are created in the electrode upon the charging and discharging
process of the battery [34]. Considering the electrolyte, as a liquid, the Li* ions have a long diffusion
distance due to their interaction with the electrolyte, forming a complex with the electrolyte. Instead, in
solid state batteries the Li™ ions employ a hopping mechanism to diffuse through the electrolyte [35].

The diffusion mechanism, in halide solid electrolytes, mostly relies on vacancies or interstitials depend-
ing on the obtained crystal structure [36, 37, 38]. For example, in materials such as LigYClg and Li3YBrg,
diffusion occurs through Li-ion hopping in octahedral sites through existing vacant sites with a low en-
ergy barrier [38]. The reason behind halides being able to conduct Li* is due to the weak bonding of the
monovalent (meaning only one valency e.g. Br™) halide anion with Li* that result in a low energy barrier
[37].

Tonic conductivity in liquid electrolytes are usually 1072 to 10~2 S/cm (1 to 10 mS/cm) while in solid state
batteries these are often around 10~3 S/cm (1 mS/cm) [39].

1.4.4 Electronic conductivity

Electron conductivity is important within electrodes because electrons need to be provided or withdrawn
rapidly from these in order to allow for efficient charging and discharging of the battery. To ease this
process current collectors are added to the electrodes, usually aluminium foil (Al) for the cathode (not
needed in SSBs) and copper (Cu) for the anode [40].

However, in electrolytes, electron conduction is undesirable and should be negligible due to dangers of ex-
plosions and dendrite formation leading to short circuiting of the cell [41]. An electrolyte is electronically
insulating for values around 10~ ! S/cm [22].

1.5 Electrochemical stability

The electrochemical stability window (ESW) is defined as the voltage range between the oxidation po-
tential (E,) and the reduction potential (E,.q4). Meaning that a material won’t undergo any chemical
reaction and remain stable. The ESW is an important parameter since it influences the energy density
and durability of the battery. In the context of solid-state batteries, the solid-state electrolyte material
must exhibit stability at high potentials vs Li*/Li and be compatible with high-voltage cathode materials
like NMC (LiNiMnCoO3) which operates in the range of 4.2V [42].

One common method to analyze the ESW is through Linear Sweep Voltammetry (LSV). This technique
involves a material being subjected to a controlled voltage sweep from a lower potential to a higher
potential at a constant scan rate (mV/s). The resulting current is then measured as a function of time.
The aim is to understand at what potential a material is degraded through oxidation or reduction [43].

The calculated electrochemical stability windows of Li-M-X solid electrolytes, where M represents the
metal cation and X represents fluorides, chlorides, bromides, iodides, oxides, sulfides, and nitrides, exhibit
substantial variations in their range of stability. These variations are shown in Figure 8.
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Figure 8: The calculated electrochemical stability window of different solid-state electrolytes[27].

Specifically, nitride, sulfide, and iodide-based electrolytes have very narrow stability windows. To provide
some specific examples: nitride span around -0.2 to 0.8 V bounded with AI>*, sulfide around 0.5 to 2.4 V
integrated with Sc3t, and iodide 1.5 to 2.5 V with Ga3t. While, fluorides exhibit a much broader stability
range, ranging from 1.1 to 6.5 V incorporated with Ti**. Chlorides and oxides also present reasonably
broad windows, for instance, 0.75 to 4.2 V for chloride with Gd3* and -0.1 to 3 V for oxide with Y3*.
Bromides fall in between, spanning from 0.8 to 3.1 V with Mg?+.

Electrochemical stability windows are different when mixed with different elements. Therefore, tuning
of the stability window is possible through doping with different elements [24].

1.6 Crystal and amorphous structures

Crystallinity referes to the arrangement of atoms or ions in a material’s structure. The structure can have
a significant impact on ionic conductivity. There are two different types of structural ordering of atoms:
crystalline and amorphous. The crystalline structure is a highly ordered and repeating arrangement of
atoms or ions. Due to this ordering a distinctive pattern can be observed upon exposure to x-rays and
the specific structure can be identified. Amorphous structures have a disordered arrangement and their
patterns cannot be defined under exposure of x-rays [44].

1.6.1 Crystal systems

Crystalline structures can be categorized into specific groups with the help of "unit cells". A unit cell is the
smallest repeating unit in a crystal structure. Meaning that only by using the unit cell you can replicate
the entire crystal structure. A unit cell is composed of six parameters, with the length of the cell edges (a,
b, ¢) and the angles between them («, 3, 7). The different unit cells are cubic, tertragonal, orthorhombic,
monoclinic, hexagonal, rhombohedral and triclinic as seen in Figure 9 [44].
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Figure 9: Seven basic unit cells [45].

Bravais lattices

In a unit cell, the atoms can be positioned in different ways, which is further classified through Bravais
lattices. The simplest example is the cubic system (see Figure 10). If the atoms are only on the corners of
the cube it is a simple cubic. If an extra atom is positioned at the center of the cube, it is termed body-
centered cubic (bcc) and when additional atoms are located in the centre of each face the structure is a
face-centered cubic (fcc). In total there are 14 different Bravais lattices [44].
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(a) Simple cubic (b) Body-centered cubic (c) Face-centered cubic

Figure 10: Cubic structures [45].

Space groups

Lastly, space groups describe the different symmetry operations that leave a crystal’s structure unchanged.
There are 230 different space groups. Space groups are denoted by numbers and letters, such as "C2/m"
or "P3m1". These symbols describe the precise symmetry operations and arrangements of atoms or ions
within the unit cell.

Close packing arrangements

Close packing arrangements refers to a way in which atoms or ions, can be arranged to efficiently occupy
space. The two most common types of close packing are hexagonal close packing (HCP) and cubic close
packing (CCP). This is also the case for chloride electrolytes (LisMClg) [24].

The HCP structure is characterized by hexagonal base structured layers (see Figure 11). Each particle
in a layer is surrounded by six neighboring atoms, forming a hexagonal pattern. The overall structure
has a repeating ABAB pattern, meaning that consecutive A and B layers align exactly with previous
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layers. This layered structure results in a hexagonal close packed structure. In contrast, CCP has a very
similar structure as HCP, however, instead of a repeating A layer, a C layer is introduced. CCP follows
an ABCABC repeating structure which results in a cubic close packing arrangement.

- @ -

T X X

HCP CCPp * . . *
HCP CCP

Figure 11: Hexagonal and cubic close packing structures [46].

C2/m and P3m1 structures

An example of crystal structures relevant in this report are P3m1 and C2/m. The letter "P" in P3m1 defines
the crystal system. This means it is a primitive (simple) structure where all atoms are on the edges. The
"3" refers to the Bravais lattice and belongs to the hexagonal lattice type. And lastly, "'m1" concerns the
space group with a specific symmetry.

For C2/m it is the same concept. The "C" stands for monoclinic structure, "2" represents base-centered
lattice and "/m" is a specific symmetry.

Figure 12: (a) P3m1 structure [47], (b) C2/m structure [48].

1.6.2 Amorphous systems

Advantages and challenges

Amorphous structures are defined as solids that lack long rage ordering in their atomic arrangement
[49]. Solid electrolytes that show amorphous structuring have several advantages. They are usually
softer materials with fewer grain boundaries which allows ions to move more freely and contributes
to enhanced conductivity. Additionally, amorphous powders are typically easier to fabricate. Also the
absence of a regular crystal lattice in amorphous materials promotes ion transport through a hopping
mechanism, where ions move in a more random way between different sites. This random movement
can facilitate ion mobility and increase overall conductivity.

Amorphous solid electrolytes can address some of the challenges associated with crystalline solid elec-
trolytes, such as high grain boundary resistance, limited processability, and higher production costs. It
has, however, been observed that amorphous powders generally posses a lower ionic conductivity com-
pared to crystalline solids [50].
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Amorphous structure through ball milling

Ball milling can be employed to achieve amorphous structures. Ball milling is an alternative method for
producing solid state electrolytes. It involves grinding solid materials using balls within a jar at high
speeds. During this process, the energy from the collisions of the balls is converted into chemical energy,
leading to structural changes in the powder material [51]. Several parameters in the ball milling process
can be adjusted, including the ball-to-powder ratio, the type of ball mill jars and balls, the surrounding
atmosphere (e.g., Oz, N2, Ho, or vacuum), ball milling duration, and rotational speed. This room tempera-
ture synthesis technique offers several advantages. It is cheaper and requires less energy, especially when
compared to high-temperature synthesis methods. Therefore, it is an interesting technique to apply for
large scale production [52].

With longer times of high-energy ball milling an amorphous structuring becomes increasingly prevalent.
As with high-energy ball milling, particles accumulate mechanical energy. And at a critical point, this
energy can cause mechanical deformations such as cracks, and particle breakage due to lattice strain,
leading to the formation of new structures and amorphization. As a result, particle size decreases, and
disorder within the material increases. This increase in disorder provides more opportunities for ions
to move freely within the material, ultimately leading to higher conductivity [53, 54]. X-ray diffraction
(XRD) analysis has revealed that amorphization starts when particles reach a critical size and micros-
train decreases. Additionally, increasing ball milling time often leads to peak broadening in XRD data,
indicating the start of the amorphization process [55].

It is important to note that the solid material can change structure back to crystal with high mechanical
energy when a lot of heat is generated [55]. These produced structural phases are usually different from
the ones produced with thermal treatment [51].

Challenges in understanding amorphous structure

One of the challenges associated with amorphous structures is their lack of long-range ordering, as pre-
viously mentioned. Therefore, understanding the ionic conductivity mechanisms in amorphous solid
electrolytes can be quite challenging. Currently, there are only a few available theories for modeling
their structure and predicting their conductivity [50].

1.7 Solid electrolytes

As previously stated, electrolyte allows ions to flow between the positive and negative electrodes. This
principle is the same for solid and traditional liquid electrolytes. Therefore, the solid-state battery is based
on the same principle as traditional liquid-state batteries [12]. Thus, while charging, Li-ions undergo dein-
tercalation from the cathode and pass through the electrolyte and the interfaces between the electrolyte
and the electrodes to reach the anode. At the same time, electrons migrate from the cathode to the anode
through the external circuit, completing the electrical circuit. In the discharge process, this movement
of Li-ions and electrons is reversed [12]. Many different groups of solid electrolytes are currently being
researched such as NASICON, garnets, perovskites, LISICON, LiPON, LisN, sulfides, argyrodites, oxides
and halide electrolytes[12].

In this thesis project the solid oxyhalide electrolyte Lis, ZrCl4O, (with X = 0.25, 0.5, 1 and 1.5) and solid
halide electrolyte LisYCl3Brs_,I; ., (with X = 0, 0.2, 0.4, 0.6, 0.8 and 1) are investigated. Therefore, in
this chapter properties of halide and oxyhalide electrolytes will be presented along with sulfide and oxide
electrolytes to compare with.

A general spider plot is shown in Figure 13 of properties of sulfide, halide and oxide electrolytes. It is
clear that each electrolyte has their advantages and disadvantages.
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Figure 13: Spider plot of electrolyte performance of sulfide, halide and oxide electrolytes [27].

1.7.1 Oxide and sulfide solid electrolytes

Oxide electrolytes are being researched for exhibiting a decent stability in atmospheric air and its great
electrochemical stability window (ESW). For example, Li; 3Aly 3Ti; 7 (PO4)3 has ESW of 2.17-4.21 V, and
Lig.33Lag. 56 TiO3 an ESW of 1.75-3.71 V. They are typically paired with, 4V LiCoOx cathode. Current bot-
tlenecks, however, are the mediocre ionic conductivities (e.g., 0.1 mS/cm for LizLazZry012 and 1 mS/cm
for La 2 _,LizTiO3) [56], poor mechanical properties and poor ionic contacts with electrodes (due to its
brittleness) resulting in large interfacial impedances and issues in cell processability [27, 57, 58].

Sulfide electrolytes on the other hand show great ionic conductivity with Li;0GeP2S12 and Lig 54Si1 74P1.44S11.7Clp 38
exhibiting ionic conductivities of ¢ >10 mS/cm which is comparable to traditional liquid electrolytes [56].

They also hold a high mechanical sinterability which is advantageous for cell production in solid-state

batteries. This is a process where powder is heated to a temperature below their melting point but high

enough to promote bonding between particles, this results in the formation of a denser and more cohesive

solid material.

The main challenge of sulfide electrolytes is their narrow electrochemical stability window, with oxidation
of 2~ occurring at 2.5 V and known electrolytes Li; gGeP2S;2 (LGPS) and Li3PS, operating between 1.72-
2.29 V and 1.71-2.31 V respectively [22, 27]. This prevents it from being used with high energy density
electrode materials that can deliver more capacity per unit of voltage. Additionally, sulfides have a low
chemical stability in air and when exposed to moisture, they react with water to create hydrogen sulfide
gas which is colorless, highly flammable and highly toxic [27, 59]. Some sulfide electrolytes also rely on
rare metals such as Ge which are expensive and not abundant [14].

1.7.2 Halide electrolytes

Advantages

Halide electrolytes are another type of recently emerging solid state electrolytes which previously re-
ceived little interest due to low ionic conductivities. This changed in 2018, however, with the published
work of Asano et al. on chloride (Cl) and bromide (Br) based electrolytes namely Li3YClg and Li3YBrg.
They discovered these electrolytes exhibit decent Li* ion conductivity of 0.51 and 1.7 mS/cm respectively,
which sparked a new wave of research in this field [13]. Since then halide electrolytes are regarded as
the electrolyte that holds both advantages of oxide and sulfide electrolytes due to its potential for high
ionic conductivity, wide electrochemical stability window, high deformability, potential partial air and
moisture stability and more cost effective [60].

Classification

The halide group consists of fluoride (F~), chloride (C17), bromide (Br™~) and iodide (I™). They differ in
properties such as electronegativity, F > Cl > Br > I with 4.0 > 3.0 > 2.8 > 2.5 respectively and ionic radii
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which are larger than oxide and sulfide anions (rp- = 136 pm, rg;-= 167 pm, rg,— = 182 pm, r;— = 202
pm) [24].

Halide electrolytes can be categorized into three different groups namely: 1) containing group 3 elements
e.g., scandium (Sc) and yttrium (Y) , 2) containing group 13 elements e.g., aluminium (Al) and indium
(In), and 3) those with divalent metals e.g. Fe?" [27]. Group 3 and 13 based halide electrolytes have the
general formula LisMXg, with M being a metal (M = In, Y, Sc, or Er) and X = F, Cl, Br or I [61]. However,
the amount of Li and type and amount of metal/halide can be tuned.

Crystal structures

The structural variations in halide electrolytes depend on the sizes of the cations and the specific ionic
radii of the M3* ions. For chloride electrolytes (Li3sMClg) there are two potential anion sublattice ar-
rangements: hexagonal close packing (hcp) and cubic close packing (ccp). These arrangements can be
categorized into three distinct space groups [24]:

1. Trigonal structure (space group: P3m1): This structure emerges with M3 ions with large ionic
radius (ranging from 102 to 106.4 pm, e.g., Tb®*). The M37 ions are situated in these octahedral
positions.

2. Orthorhombic structure (space group: Pnma): This structure appears when M3+ has ionic radius
in the range of 100-102 pm (e.g., Y>* with 101.1 pm). The M?* ions usually sit in the octahedral
sites.

3. Monoclinic structure: The structure has an ABCABC stacking and appears with an M3+ with ionic
radius >100 pm (e.g., In®> and Sc3*). The M3 are also located in the octahedral site.

For chloride based electrolytes the monoclinic phase shows the highest conducivity followed by the or-
thombic phase and lastly the trigonal phase [24].

In contrast, as discussed in the review paper of Wang et al., bromide (LisMBrg) and iodide (LisMIg) based
electrolytes exhibit only monoclinic structures for which high ionic conductivities is expected. However,
there have been few bromide and iodide based electrolytes that have had a higher ionic conductivity [24].
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Figure 14: The crystal structure of halide solid electrolytes [24].

Synthesizing method

An effective method to synthesize halide electrolytes can be through ball milling resulting in amorphous
or low-crystallinity powders with a narrow particle size distribution. Post-annealing can be used to fur-
ther reduce crystallinity and improve properties [24].

Ionic conductivities
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Ionic conductivity in halide electrolytes varies with the selection and combinations of central metals
and halides. In Figure 15, conductivities of various halide electrolytes is shown with its respective space
group. It seems the monoclinic structure exhibits the highest conductivities. For example, LiScClg has
a conductivity of 3.02 mS/cm. The highest conductivity is LizYBr3Cls which reaches 7.2 mS/cm but this
performance is attributed to hot pressing, a process involving high temperature and pressure that reduces
grain boundary resistance [24]. Additional conductivities and structure of halide electrolytes are shown
in appendix Figure A.2 with comparison of sulfide and oxide electrolytes.
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Figure 15: The conductivity of halide solid electrolytes [24].

Electrochemical stability window

Halide electrolytes exhibit wide electrochemical stability windows, as illustrated in Figure 8. Among the
various halides, fluorides have the broadest electrochemical window, followed by chlorides, bromides and
iodides. This can be attributed to the difference in electronegativity of the halides, as mentioned earlier.
For instance, Li3YClg and LizYBrg have cathodic limits of 0.59 and 0.62 V and anodic limits of 3.15 and
4.21 V respectively.

Interestingly, it is possible to modify the reduction potential through doping or changing the metal cation,
and modify the oxidation potential by doping or substituting the halide [24]. An example of this is with
fluoride-doped electrolyte, LisInCly gF; 2, which has a stability up to 4.3 V that surpasses LisInClg [27].
Among the halides discovered so far, fluoride and chloride electrolytes are compatible with cathodes
operating in the 4V voltage class [22, 26].

Halide electrolytes possess high deformability, enabling more efficient processing. They also exhibit an
improved air and moisture stability compared to sulfides. Lastly, they can be cost effective by utilizing
less scarce materials [27, 62].

Current challenges

Some challenges with halide electrolytes are that they often rely on rare earth metals as central elements,
resulting in high raw material cost, they are not stable with Li-metal anodes, and they are also sensitive
to moisture [24, 60].

The frequent usage of rare earth metals (e.g., scandium) poses an issue due to their high cost and are less
abundant in the earth crust. This limits the large scale use of such electrolytes in batteries [24].

The unstability of halide solid electrolytes with Li-metal is due to the lithium ions reacting with the halide
ions creating an unstable layer (see equation 9) [24]. Currently a buffer layer is placed between the halide
electrolyte and anode. The anode used is an indium and lithium metal alloy since indium metal does not
react with sulfide electrolytes. Additionally the new interface between the sulfide and halide layers do not
seem to influence the ion transport [27, 63]. However, Indium/lithium alloys have drawbacks, including
lower energy density and capacity compared to pure lithium, increased manufacturing complexity, and
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higher costs due to the use of Indium. The sulfide layer also lowers the energy density and requires one
more step in the manufacturing.

LisMXg + 3Li = 6LiCl + M(M = In,Yetc.) )

Promising halide electrolyte

Currently, a promising halide electrolyte is LisZrClg which is based on the cost-effective and abundant
zirconium metal. The measured conductivity is decent with 0.81 mS/cm, it seems to have some air stability
and it is compatible with 4V cathodes. The oxidation reaction is around 3.7 V vs Li/Li™ [26, 64].

Another electrolyte is yttrium (Y2T) based and exhibits the highest conductivity amongst halide elec-
trolytes (5.36 mS/cm for LisYBry 5Cl; 5). They also have the advantage of tunability of both conductivity
and stability [65].

1.7.3 Oxyhalides

Promise of LiTaCl;,X’f/_n

A research paper made by Ishiguro et al. conducted an investigation into a novel category of halide
electrolytes known as glass lithium solid electrolytes, specifically focusing on LiTaCI5X?/_n where X"~
represents F~, C17, Br—, I, 02—, OH—, 0%, or S§2~. They reported remarkably high conductivities,
reaching up to 10.95 mS/cm at a temperature of 25°C. Additionally, these electrolytes exhibited a high
electrochemical stability voltage of up to 4.8 V, an ultrahigh loading exceeding 7 mAh/cm?, and a ca-
pacity retention rate of 92.81% after undergoing 200 cycles. Specifically, the chloride-based electrolyte,
LiTaCl5Og_ 5 which is synthesized through mixing of TaCls, LioO and LiCl is of interest in this report due
to its conductivity of 8.92 mS/cm [58].

The authors attributed these performances due to strong physical contact, facilitated by the materials’
deformability and the absence of grain boundaries. Furthermore, the electrolytes are in the glass phase
as no crystalline peaks are observed in the XRD plots (see Figure 16a). They claim that compared to
their crystalline counterparts, this amorphous structure improves ionic conductivity since more space is
available for Li-ions to move. Additionally, they claim that the high ionic conductivities and good contact
between the cathode and electrolyte can minimize the inner resistance in the whole battery, which might
be very advantageous for use in the battery sector [58].
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Figure 16: (a) XRD patterns of LiTaClsX’ffn (X"~=F~,Cl=,Br—,17,0%7,0H, 0°7,5%7), (b) comparison of ionic
conductivities of LiTaCl5X717n with typical halide, sulfide and oxide glass electrolytes [58].

However, this electrolyte type is not stable with Li-metal nor Li-In alloy anode since Ta®* gets reduced.
Therefore, a highly conductive protection layer is needed [58]. Additionally, Ta®T is a very rare metal
with an abundance of only between 0.2 ppm in earth’s crust. Plus, it is almost nonexistent in its natural
metallic state. This implies that it is not feasible to produce batteries on a big scale using TaCls in the
electrolyte [66].

Another research paper from Zhang et al. conducted further investigation on different compositions of
xLisO-MCl,, where M represents either Ta or Hf, with specific ranges for x and y (0.8<x<2 and y = 4
or 5). The amorphous solid electrolyte, 1.5LioO-HfCly achieves a conductivity of 1.97 mS/cm at 25 °C
and a low activation energy of 0.328 eV. The tantalum-based electrolyte, xLioO-TaCls (with 1.1<x<1.8),
exhibits high ionic conductivities, as seen in Figure 17b, of around 6 mS/cm with low Arrhenius activation
energies ranging between 0.241 to 0.277 eV. This conductivity is lower then previously shown LiTaCl5Og 5
composition. Considering their electrochemical performances, they exhibit long cycle life. Especially for
1.6LisO-TaCl; a capacity retention of 90.7% after 2400 cycles at 2C is observed. While 1.5LioO-HfCly
exhibited a capacity retention of 89.6% after 300 cycles at 0.5C.

For both Hf and Ta based electrolytes, there is no need for coated cathodes due to their good compatibility
with uncoated cathodes. However, they are not stable against anodes such as Li and Li/In metals as Ta®"
and Hf** will reduce.

They claim that the ionic conductivity is primarily coming from the chloride. Since chloride has a rela-
tively large anion radius, large anion polarizability, and weak interaction with Li-ion. Additionally, the
oxides contributed to forming the amorphous structure. This increase in disorder facilitates the escape of
Li-ions from the structure and decreases the activation energy [50].
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Figure 17: (a) X-ray diffraction, (b) conductivity and (c) activation energy results of different compositions of xLi» O-
TaCls [50].

Promise of Li, ,ZrCls_, 0,

Another important paper that was published by Hu et al. is based on the oxyhalides Li , ZrClg_, O, and
optimized composition Liy 75ZrCly 7500 5 which are close to the oxyhalide investigated compositions in
this project (LiazZrCl4O,) [16]. The Liy 75ZrCly 75005 electrolyte composition has shown good ionic
conductivity with 2.42 mS/cm at 25°C and a good compressibility (94.2% density at 300 MPa) which is
important for a good contact between electrolyte and electrode that should be above 90% when cold
pressed. It is also almost free of cracks and pores. Importantly, the raw material cost is estimated at 11.60
USD/kg which is very cost competitive. Additionally it shows great electrochemical properties as the
discharge capacity retention is 70.34% (capacity of 70.2 mAh/g) after 2082 cycles.

The Lig45ZrClg_,O, oxyhalide is ball milled at 600 rpm for 45 hours. Which gives rise to different
structural phases for different compositions. The compositions with low oxygen content (x<0.25) pre-
dominantly exhibit P3m1 symmetry while compositions with x<1.0 mainly show C2/m crystal structure
(as seen in Figure 18a). Interestingly, compositions between x is 0.5 and 0.75 display a coexistence of
both phases and show significantly reduced crystallinity compared to the single phase structures. The
coexisting phases exhibited crystallinity levels of less than 20%, with the majority of the structure being
amorphous. In contrast, compositions with P3m1 phase have around 52% crystallinity (as observed in
Figure 18b).

The study suggests that with increasing concentration of Li;O precursor the crystallinity decreases. But
at a specific concentration threshold, the structure approaches that of another crystalline compound,
LigZrCl4Oq, resulting in increased crystallinity. Furthermore, the study reports a reduction in grain size
of the coexisting two phases which is linked to the amorphization.

The conductivity of the most amorphous composition (x=0.5) is the highest with 1.17 mS/cm while the
more crystalline compositions were lower. Therefore, they conclude that the contributor to this increase
in conductivity is the amorphousness. The primarily P3m1, mixed phase and primarily C2/m structures
have an effective migration barrier of 0.806, 0.748 and 0.411 eV respectively.

Considering the electrochemical stability, the oxyhalide electrolyte exhibits a reduction potential of 2.16
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V vs Li/Lit compared to 1.79 V for Liz ZrClg. This is odd since the metal cation, Zr*t is the same for both
electrolytes. They explain it could be due to the amorphousness of the compound or the anions it bonds
with. The oxidation potential is 4.0 V vs. Li/Li+ compared to Li;ZrClg that oxidizes at 3.5 V [16].
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Figure 18: (a) X-ray diffraction and (b) phase fraction, grain size and crystallinity of different LisZrCls_ ;O
compositions [16].
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Characterization techniques
2.1 X-ray diffraction (XRD)

Theory

X-ray diffraction (XRD) is a characterization technique used to identify crystal structures of materials.
Other useful information that can be found with XRD is phase information of material, and space group
symmetry. The principle of XRD is based on the scattering of x-rays in crystals or molecules. X-rays have
a similar wavelength with crystals and therefore will scatter in different directions. Since crystals have
a repeating structure, the rays will undergo constructive or destructive interference in certain directions
leading to increased or decreased intensity of the x-ray. And since each material has a different d-spacing,
each material has its specific patterns [67]. In figure 19, the XRD setup is shown. The XRD setup consists
of an x-ray source, a sample and an x-ray detector.
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Figure 19: X-ray diffraction setup [68].

Bragg’s law relates wave length and lattice space with scattering angle. Where 20 is the difference be-
tween the angle of incident and scattered beam, n is an integer, A the wavelength and d the lattice spacing.
If n is an integer the x-rays will interfere constructively and show a high intensity in the XRD results [69].
The X-ray diffraction results are given with intensity against 26. Peaks and their intensities, in XRD pat-
terns, depend on the structure of the material.

nA = 2dsinf (10)

Method

The different samples are analyzed using an X Pert-Pro diffractometer from PANalytical. This instrument
has a Cu Ko radiation source (A = 1.5406 A) and operates at 45 kV and 40 mA. To prepare the samples,
the powder is loaded into an airtight holder. This holder comprises of a silicon zero-diffraction wafer
and a Kapton film arch. The X-ray diffraction measurement takes place under room temperature and
atmospheric pressure and scanning across the 26 range spanning from 10° to 80°.

27



Using the GSAS-II software further refinement of samples are done to obtain parameters such as lattice
parameters.

Phase fraction calculation

One approach to quantify the concentration of a specific structure in the electrolyte powder involves
mixing a known quantity of pure silicon with the solid electrolyte. In this project, silicon is hand mixed
with the electrolyte at a ratio of 2:8. The resulting mixture is then measured with XRD. Using software
GSAS II for refinement of the XRD measurement enables the calculation of the crystal phase content and
the amorphous content.

The refinement process takes into account both the crystal phase and the silicon phase by fitting the XRD
curve with existing CIF files of the different phases. The refinement results provide weight fractions for
both silicon and the crystal phase of the powder. From these known weight fractions it is possible to
calculate the real amount of crystal and amorphous content in the powder. An example result from the
refinement of a P3m1 and amorphous sample with calculation, is presented below.

First, the obtained weight fractions from the refinements are:
o Si=0.222
e Xp3m1 = 0.778
* Yamorphous = ?

The silicon weight fraction is known and is equal to 20% since that is the amount that was mixed. Addi-
tionally, the total amount of P3m1 and amorphous contents should equal 80%.

Si=0.222 = 20% (11)

Tp3m1 + Yamorphous = 80% (12)

Since the amount of Si is known, the following ratio can be made to find the P3m1 phase content.

0.778
The amorphous content can then be found.
Yamorphous = 80% — TpP3ml = 80% — 70.09% = 9.91% (14)

Finally, these values should be divided by 80% to have the real content in the electrolyte powder. This
results in a P3m1 content of 87.61% and an amorphous content of 12.39%.

Grain size

The grain size can be defined as larger, well-defined crystalline regions within the solid electrolyte. By
using the XRD results and the Scherrer equation the grain size can be determined. In equation 15 the
Scherrer equation is shown, where A represents the X-ray wavelength (A = 0.15406 nm), /3 is the full
width at half-maximum of a diffraction peak (FWHM) (see Figure A.4 for an illustration) and, lastly, 6 is
the diffraction angle of the diffraction peak [70].

0.94- A
d_

~ B-cos(h) (15)
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2.2 Electrochemical impedance spectroscopy
(EIS)

Electrochemical Impedance Spectroscopy (EIS) is a powerful technique employed in this project to mea-
sure the resistance of an electrolyte. Impedance is defined as the effective resistance of an electric circuit
or component to alternating current (AC). In EIS measurements a sinusoidal potential (AC) is applied over
a long range of frequencies (in this report from 7 MHz to 0.1 Hz) and the system’s response is measured
[28]. This impedance is represented as complex numbers, which consist of real and imaginary parts,
with the real part representing resistance. By varying the frequency of the AC signal, EIS can investigate
different electrochemical processes occurring at different rates.

The data obtained from EIS measurements are commonly presented in Nyquist and Bode plots. The
Nyquist plot shows the imaginary part of impedance versus the real part, and gives information on the
charge transfer processes and the electrolyte’s resistance. High-frequency data points mainly reveal fast
processes like ion migration, while slow processes like diffusion display as a low-frequency tail [71].

EIS data can then be fitted to an equivalent electrical circuit model, which represents the electrical compo-
nents and processes within the electrochemical system. These consist of components such as resistances,
capacitors and inductors [72]. In this report, electrolytes with high ionic conductivities are measured.
Therefore, the equivalent circuit used for fitting the EIS data, in the software Relaxis 3, is L-(R)(CPE)-CPE
as shown in Figure 20. "I" indicates the inductance and is used to take into account inductance from the
cables, "R" is the electrical resistance in parallel with CPE which is the constant phase element that is the
capacitance of the electrolyte. The last CPE element in the circuit simulates the electronically blocking
behaviour of the electrodes at lower frequencies [31].

In Figure 20 a fitting result obtained with RelaxIS is shown. The resulting fitting exhibits an electrolyte
resistance of 43.21 Q with a fitting error of 0.028. This error is minimal and therefore the fitting and elec-
trical circuit used is deemed acceptable. The same methodology is applied to other EIS data throughout
this project.
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Figure 20: Example graph of EIS data fitting results using RelaxIS with an L-(R)(CPE)-CPE electrical circuit.

Method

The EIS measurements are done as follows. First, 101 grams of the synthesized powder is placed inside a
hollow PEEK cylinder. The powder is compressed by placing it between two stainless steel plungers and
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cold pressed up to 2.4 tons (305 MPa) using a hydraulic press. This complete step is carried out within an
Argon-filled environment.

Once the powder is securely compressed, the cell is tightly sealed under the 2.4-ton pressure. Subse-
quently, the EIS measurements are performed using an Autolab instrument (AUT86298) within a fre-
quency range spanning from 7 MHz down to 100 Hz. Additionally, some EIS measurements were con-
ducted using the EC lab, covering a frequency range of 1 MHz to 100 Hz.

As explained before, the resulting EIS data are fitted using a I-(R)(P) electrical circuit with RelaxIS 3
software. With this analysis the resistance can be determined.

Conductivity calculation from resistance

The conductivity of the electrolyte can be determined by using the resistance obtained from the EIS

measurement. In equation 16, the formula for conductivity is given in mS/cm. The formula consists of

the pellet thickness in cm (L), divided by the resistance in Q (R) and cross-sectional area of the pellet in
2

cm”® (A).

L L B 1-0.05
" R-A R-m-r2-1000 R-m-0.52-1000

o (mS/em) (16)
From a paper of van der Maas et al., the measurement error in thickness is taken to be 5%. Since their
halide electrolyte made (Li3YBr,Clg_,) is similar to the halide electrolytes in this report this error is also
used [65]. The thickness measured for all electrolytes in this project are around 500 pm, and an error of
5% has also been noticed and is deemed reasonable.

2.2.1 Arrhenius plots

The Arrhenius equation defines the temperature dependence of the conductivity. Which results in the
following formula. Where o is the electrical conductivity (S/cm), o is the pre-exponential factor (S/cm),
Ea is the activation energy (eV), R is the gas constant (8.3145 J/mol) and T is the absolute temperature (K)
[30]. The activation energy E, is of interest in this project due to its relation with conductivity.

o=o0p-€ BT (17)

This equation can be written in the form of y = -m-x + b where m is the slope and b the intercept. And
taking the natural logarithm from both sides yields.

Eq
Therefore, by plotting In(c) against 4, as shown in Figure 21, it is possible to calculate the activation

g%, X = % and b = In(oyg).

energy and the pre-factor. Where y = In(o), m = -
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Figure 21: Example of linear regression of EIS measurement at different temperatures.

The activation energy is calculated in J/mol and is converted to eV by multiplying with 1.0364x10~° (as
1 J/mol is 1.0364x10~° eV/particle).

E,=-m-R-1.0364-107° (19)

Lastly, the pre-factor can be found with the intercept and is given in S/cm.
o9 =¢’ (20)

Method

The setup and preparation of the sample for activation energy measurements, is the same as for EIS
measurements. A total of 101 grams of powder is loaded into a hollow peek cylinder and held between
two stainless steel plungers. Cold pressing is performed, applying a force of 2.4 tons (305 MPa) to compact
the powder and screw the cell the tight to maintain pressure.

Afterwards, the cell is placed inside an oven, and EIS measurements are conducted at various tempera-
tures. The oven is initially set to 30°C for 1 hour, followed by an increase to 50°C for 30 minutes. The
temperature is then raised by 10°C steps, with each temperature step held for 30 minutes, until reaching
100°C. Before each temperature change, an EIS measurement is taken (for the range of 50°C to 100°C). The
extended duration at each temperature is necessary to allow the cell’s internal temperature to stabilize.

2.3 Scanning electron microscopy (SEM)

Scanning electron microscopy (SEM) is an imaging technique that uses focused electron beam to scan the
surface of a material. With the SEM a 3D image with high resolution is obtained. Therefore, the surface
of a material can be investigated at the microscale and nanoscale [73].

The SEM, in this project, is employed to understand the surface morphology of the LioZrCl,O electrolyte
with varying phase structures. These measurements are conducted within an argon filled environment.
Inside the glovebox, the samples are placed into a homemade box and is then opened inside the SEM
under argon atmosphere. The SEM used in this report is the JEOL JSM IT100LA.
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2.4 X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) is an analytical technique used to measure the elemental com-
position, chemical state, and electronic state of the surface of a material. The XPS measurements can
measure up to a depth of 10 nm.

The principle of XPS is the use of incident X-rays that can emit electrons from the atoms on a surface.
The resulting kinetic energy from the emitted electrons can then directly be related to the binding energy
of the electrons in the material. This makes it possible to identify the elements present on the surface and
their properties such as the element’s oxidation states (due to a shift of the binding energies) [74].

In this project XPS is used to analyze the oxidation state before and after cycling of the halides in the
halide electrolyte, LisYCl3Brs_,1,.

2.5 Electrochemical measurements
2.5.1 Galvanostatic cycling

Galvanostatic cycling measurements involve the application of a constant current, with the resulting
voltage being measured. In this project, this measurement approach is used to explore the stability of
Li-metal with the investigated electrolytes and the battery cycling performances.

For stability measurements of the electrolyte with Li-metal, a constant current of either 0.2 or 0.5 mA/ cm?
is applied. And for the battery cycling a set voltage range between 3.0 V to 4.3 V vs Li/Li*. The battery
is first activated with a rate of 0.05C followed by continuous cycling at 0.5C.

2.5.2 Linear sweep voltammetry (LSV)

Linear sweep voltammetry (LSV) is a technique used to measure the oxidation or reduction potential of
a material. This is done by measuring the current that is obtained as a reaction to the linearly changing
applied voltage. Figure 22 displays an example of an LSV plot. When the voltage is continuously increased,
the LSV measurement can identify the oxidation potential of a material due to the sudden surge in current.
This surge in current is from the oxidation of an element. Contrarily, when the voltage is decreased from
high to low values, LSV can be used to determine the reduction potential [75].

In this project, LSV measurements using EC LAB are conducted to investigate the oxidation voltages for
the synthesized electrolytes. Voltage steps of 0.1 mV/s and a voltage range from open circuit voltage
(OCV) to a specific voltage.
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Figure 22: Example of a Linear Sweep Voltammetry (LSV) measurement result with both increasing and decreasing
voltages [75].

2.5.3 Cyclic voltammetry (CV)

Cyclic voltammetry (CV) is based on the same principle as the LSV. The main difference is that CV does
a full cycle and can be repeated to gather more information on the cyclability of the electrolyte, the
reversibility of the redox reactions and different scanning rates can be used [75].

In this project, CV measurements using EC LAB are conducted to investigate the oxidation voltages and
the reversibility of these oxidized elements for the synthesized electrolytes. Voltage steps of 0.1 mV/s and
a voltage range from open circuit voltage (OCV) to 5.0 V vs. Li/Li™ are employed.
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Experimental procedures

3.1 Solid electrolyte composition informa-
tion

In this project the solid electrolyte Lis, ZrCl4O,, is studied at different compositions (with x = 0.25, 0.5, 1
and 1.5). This electrolyte is also doped with different elements such as sodium, fluoride and metals having
a charge of +3 and +5. Additionally, in this report, a mixed halide Li3YCl3Brs_, I, is also investigated. In
Table 1 information can be found about the molar mass of the precursors employed and in Table 2, 3 and
4 the required mass of each precursor to synthesize a specific electrolyte is shown.

Table 1: Molar weights of precursors employed in this project.

Compound = Molar mass (g/mol) Compound = Molar mass (g/mol)

Lil 133.85 Na,O 61.98

LiCl 42.39 LaCls 245.26
LiBr 86.85 YCl; 195.26
LiF 25.94 ZrF, 167.21
Li,O 29.88 ZrCly 233.04
Li,O; 45.88 TaCls 358.21

Table 2: Precursor weights required for 2g synthesis of specific Zr-based oxyhalide electrolytes powder made in this
report.

Compound LiCl(mg) Li2O(mg) ZrCli(mg) ZrFi(mg) Li202(mg) Na2O (mg)

LiosZrClyQo.s 62.18 1939.82

LiZrClsQos 120.51 1879.70

LirsZrClyQo.15 175.47 1824.70

LixZrClO 227.39 1773.43

LizZrCliO1.5 322.70 1677.89

Li2ZrClsQo.s 292.52 103.09 1607.98

Li2ZrF4O 303.28 1697.18

NaZrCLO 1580.01 420.22
LixZrCl402 1671.13 329.01
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Table 3: Precursor weights required for 2g synthesis of specific mixed metals oxyhalides powder made in this report.

Compound LiCl(mg) Li:O(mg) LaChk(mg) YCL(mg) ZrClsi(mg) TaCls (mg)
Li:LaCLO 217.23 1783.04

LizsLaosZrosClsO 146.05 205.87 844.92 802.82
Lio.ssL.ao.s5Z1r0.5Cl3.50033 79.20 984.92 935.88

LiYCLLO 265.48 1734.89

Li21Y01Zr0sCl:0 32.22 227.09 148.40 1593.99

LiTaCls0o0.5 80.08 1920.00
LiLaosTaosCls 150.68 1067.8 781.4
Lio.esLaosZro2sTao2s Clss00.33 70.40 875.58 415.98 639.40

Table 4: Precursor weights required for 2g synthesis of specific mixed halides electrolyte powder made in this report.

Compound Lil (mg) LiBr (mg) LiF (mg) YCl; (mg)
LizYCl;Brs 857.19 1143.90
LizYCl3Br)slo. 115.10 1045.68 839.60
LizYCl3Br;.6lo.4 224.86 948.40 820.08
LizYCl3Br;.4los 331.92 861.48 807.01
LisYCl3Br;.los 434.74 774.28 792.74
Li;YCI:Br,l 553.40 694.80 781.04
Li;YFCLI:BrI 607.68 394.30 117.76 886.48
LizYFsCL:Bralys 298.22 774.01 57.79 870.08

3.2 Synthesis procedure

The synthesis is carried out under argon atmosphere (02 < 1 ppm, HoO < 1 ppm). The first step is to
weigh the different amounts of precursor to synthesize the correct compound. The following purities
and providers for each precursor are: LiCl (Sigma, 99%), Lil (Sigma, 99%), LiBr (Alfa, 99.9%), LiF (Sigma,
99.98%), Lio O (Sigma, 97%), ZrCly (Sigma, 99.99%), ZrF4 (Sigma, 99.9%), LioO2 (Sigma, 90%), NasO (Sigma,
80%), LaCls (Sigma, 99.9%), YCl3 (Sigma, 99.99%) and TaCl; (Sigma, 99.99%).

During the ball milling process, used to synthesize the specific electrolyte, a specific ratio of 40g ZrCly
balls to 1g of precursor powder (or 80g:2g) is kept. The ball milling procedure consists of 5 minutes of
rotation followed by 5 minutes of resting time, with varying numbers of cycles. The rotational speed is
set at 550rpm. A combination of two different sizes of ZrO balls, with diameters of 3mm and 10mm, is
used in equal proportions.

When an annealing step is conducted, the electrolyte powder is compressed into a pellet weighing ap-
proximately 400mg. This pellet is subsequently placed inside a glass ampoule, which is then sealed either
within a nitrogen gas environment or under vacuum. Afterwards, the sealed ampoule is placed in an oven
at a specific temperature and duration.

3.3 Cell assembly

In this project, a homemade cell is used which consists of an insulating hollow PEEK cylinder with stain-
less steel plungers on both ends. These plungers serve as current collectors and can be used to compress
the powder into a pellet.

As stated before, for measurement methods that need only a single layer of solid electrolyte, such as



EIS and Arrhenius measurements, precisely 101 milligrams of the precursor powder is loaded into
the hollow PEEK cylinder. This 101 mg quantity ensures consistent thickness for the solid electrolyte
layer within the cell at all times. Finally, a pressure of 2.4 tonnes (equivalent to 305 MPa) is applied for 5
minutes, and the cell is tightly screwed to maintain this pressure.

In the Li-metal and electrolyte stability measurements a symmetric cell is made. The process is as fol-
lows: approximately 101 mg of the electrolyte is loaded into a hollow PEEK cylinder within a homemade
cell and compressed to 2.4 tonnes. Li-metal films with a 10 mm diameter are positioned on both sides of
the electrolyte, and the cell is tightly sealed under low pressure. It’s crucial to exercise caution during
this procedure due to the soft nature of Li-metal, which increases the risk of potential short-circuits.

The battery configuration for galvanostatic cycling measurements is assembled as follows. First, =50
mg of synthesized electrolyte is placed into the hollow PEEK cyclinder within the homemade cell. This is
slightly hand pressed by pushing both stainless steel plungers. Afterwards, ~50 mg of the protective layer,
argyrodyte (LigS5Cl), is added on top and pressurized by a hydraulic press up to 0.4 tonnes. Next, 11 mg
of the cathode layer is added onto the protective layer. This cathode is a 20 minutes hand grinded mixture
of NMC 811:Li5ZrCl4O with a 70:30 ratio. This cell is then subjected to a pressure of 2.4 tonnes. Lastly,
on the LisZrCl4O layer side, the anode Li-In metal with a weight ratio of 1:40 is added. Additionally, a
copper metal current collector with a 10 mm diameter is added. This assembly is slightly pressurized at
0.4 tonnes in order to ensure good contact between the layers.

The preparation process of the battery for LSV and CV measurements is identical to that employed for
the galvanostatic measurements. However, the only difference lies in the cathode used, which is carbon
nanofibers (CNF) instead of NMC3811.
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Results

It’s important to note that in this report, the term "ball mill time" refers to the effective ball milling
duration, excluding any resting time during each cycle. Additionally, unless mentioned otherwise, the
ball milling has been carried out in cycles consisting of 5 minutes of spinning at 550 rpm followed by 5
minutes of rest. Also, EIS measurements are conducted at room temperature unless mentioned differently.
Lastly, many measurements were made on the same composition but to prevent repetition in the report,
only the most interesting ones are kept and the rest is placed in the appendix.

Below a summary table is made with an overview of all the most interesting results obtained for the
different electrolytes investigated (see Table 5).

Table 5: Summary of most relevant results for (a) Zr-base oxyhalides and (b) mixed halide electrolytes.

Electrolyte Ball mill Annealing Conductivity  Activation Oxidation Fully
time (h) (300°C, (mS/cm) energy (eV) potential (V vs. amorphous
Smin) Li/Li) phase reached

Zr-based oxyhalide
LiTaCls005 16.5 - 35 - - Yes
Li:ZrCls 8.3 - 0.48 - 4.142 -
LiosZrCLOy.s 28.3 - 0.68 ~0.298 - Yes
LiZrCLOos 18.2 - 1.06 ~0.276 4.099 Yes
Li:2ZrCl.O 17.2 - 1.60 ~0.281 4.033 No
LisZrCLO: s 4.2 - 12k ~0.274 - No
LizZrClsQq.5 10 - 1:25 - 4.019 No
Li2_1Zro_gYo_1Cl40 10.8 - 1.58 - - ~Yes
Lio.ssLiao.sZrosClss00.33 18.9 = 0.65 = = 2
Lio.ssLiao.sZro25Ta0.25Cl7500.33 16.5 = 1.55 = = =
Mixed halide electrolyte
Li;YCL:Br; 8.3 Yes 1.94 - 359 -
Li;YCL:Br:slo. 8.3 Yes 1.63 - 3.552 =
LisYCLBraglo.a 8.3 Yes 2.03 - 3.531 -
LizYCLBraalos 8.3 Yes 243 - 3.451 -
Li;YCLBr2los 8.3 Yes 2.85 - 3.471 -
LisYCLBr.I 8.3 Yes 255 - 3.474 -

4.1 Oxyhalide electrolyte

In this chapter the performances of solid electrolytes LiTaCl50q 5, LiaZrClg and Lis, ZrCl4O, with X =
0.25, 0.5, 1 and 1.5 are analyzed. Additionally, pathways of aliovalent doping with different metals and
precursors are explored. The analysis is done through methods such as XRD, EIS (room temperature and
at different temperatures), LSV/CV and SEM.
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4.1.1 Structure and conductivity of LiTaCl;0 ;

The initial motivation and inspiration for this project started when reading the incredible and promising
performances of LiTaCl5 X" In electrolyte, particularly parameters such as the ionic conductivity, electro-
chemical stability window and cyclability (as shown in chapter 1.7.3) [58]. Therefore, the first step in this
project is to recreate the LiTaCl50g 5 electrolyte.

In the research of Ishiguro et al., they ball mill the powder for 200 hours followed by annealing for 2 hours
at 120°C. Therefore, the first step is to ball mill the mixture in the same conditions as them with an expected
fully amorphous structured sample. In Figure 23, the X-ray diffraction (XRD) pattern is shown with its
respective conductivity at different ball milling (BM) times. After 16.5h of BM the powder seems to hold
an amorphous structure as no peaks are observed and the resulting conductivity is around 3.5 mS/cm.
However, after already 33 hours of BM the structure is not fully amorphous anymore and a drastic loss
in conductivity follows. These new peaks observed in the XRD at 33h of BM could be attributed to ZrOs
which might have originated from the ZrO, balls used within the ball mill jar. It appears that 33h of BM
is too harsh on the powder, causing the ZrOs to be incorporated into the structure. Since ZrOs is not
conductive, this incorporation leads to a conductivity drop. Further BM introduced even more ZrOs into
the structure continuing to drop the conductivity. Therefore it was decided to stop this measurement
after 41.3h of BM.

The highest achieved conductivity is around 3.5 mS/cm, significantly lower than the reported conductivity
of 8.92 mS/cm, even-though the XRD structure displays an amorphous structure. This inconsistency in
XRD for longer ball milling time may be due to variations in the type of balls or type of ball mill jar used.
Despite the results not matching the promising paper’s result, it is still very interesting to investigate
if the reported performances can be mimicked in another type of oxyhalide based on zirconium metal
(Lig, ZrCl40O,) which is much less expensive.

4,0
a LiTaCl;0, 5 b LiTaCl;0, 5
3,5
BM-41.3h e 3.0
~ <2
= £ 254
f E v
< z .
2 £720 )
.g .E
o BM-16.5h 2
E S 154
= =]
(o}
QO 1,0 4
BM-8.25h 05 o °
Zr0O, |
T T | T T II T 0,0 T T T T T T T T T
10 20 30 40 50 60 70 80 8 12 16 20 24 28 32 36 40 44
20 (degrees) Ball mill time (h)

Figure 23: (a) X-ray diffraction pattern of LiTaCl5Oq.5 ball milled for different times and (b) their respective ionic
conductivities.

4.1.2 Structure and conductivity of Li,ZrCl,

As stated before, one of the primary focuses of this report is on the Zr-based oxyhalide electrolyte:
Lis, ZrCl4O,. Therefore, first the electrolyte LioZrClg is synthesized and analyzed in order to compare
its performances with its oxyhalide counterpart.

In Figure 24, the XRD and the electrochemical impedance pectroscopy (EIS) results are depicted after 8.3
hours of BM. The crystal structure is identified as P3m1, and a resistance of 132 Qis measured, equivalent
to 0.48 mS/cm. This conductivity value is similar with the 0.4 mS/cm at 30°C reported by Kwak et al. after
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BM for 10 hours [37]. However, it is lower than the reported 0.81 mS/cm achieved after 45 hours of BM
by Wang et al. [26]. This could be due to the difference in BM time. Further on in this report, the LSV
measurement reveals an oxidation potential of 4.142 V vs. Li/Li* (see Figure 36).
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Figure 24: (a) X-ray diffraction measurement and (b) electrochemical impedance spectroscopy measurement of
LioZrClg ball milled for 8.3 hours.

4.1.3 Structure, conductivity and activation energy analy-
sis of Li,,ZrCl1,0..

Liy 5ZrCl1,0y 25

Structure and conductivity

The oxyhalide electrolyte with the lowest Li;O precursor content studied in this project is Lig 5 ZrCl4 Oy 25.
The possible future shortages of lithium and its associated costs could make this composition more ad-
vantageous [5].

Concerning the Liy 5ZrCl4Og 25 composition, the XRD results presented in Figure 25a indicate that, fol-
lowing BM durations of 16.5 and 20.7 hours, the material exhibits predominantly a C2/m crystalline phase.
Interestingly, with prolonged BM times, the crystal structure gradually shifts towards an amorphous
structure. This change in structure, as explained in chapter 1.6.2, could be due to the continuous high
energy collisions during BM resulting in strong mechanical forces, temperature elevation, and reduced
particle size. Furthermore, upon a detailed examination of the XRD patterns, no precursor peaks are ob-
served, indicating that the powder is well mixed and all Li3O is incorporated in the structure. The XRD
pattern for the LioO precursor is illustrated in appendix Figure B.1, where the principal diffraction peak
arises at 33.50°.

The observed trend in the conductivity of this composition (see Figure 25b) suggests a direct relation-
ship: as the presence of the C2/m crystalline phase diminishes and the amorphous phase becomes more
dominant, the conductivity increases. This could be an indication that a more amorphous phase and its
resulting disorder can result in a more conductive material. At higher BM times, the conductivity ap-
pears to reach a plateau. The highest conductivity of 0.68 mS/cm is measured in the amorphous phase
after 28.3h of BM.
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Figure 25: (a) X-ray diffraction measurements and (b) conductivity measurements of Lig.5ZrCl4Og.25 ball milling
for different durations.

XRD and conductivity results of another batch with smaller ball milling time-steps is shown in Figure 26.
A similar trend is observed as in the previously presented batch. Interestingly, at minimal BM times of
2.1h and 4.2h, the conductivity is remarkably low. In the case of 2.1h of BM, this could be due to a lack
of mixing, where the BM did not result in enough energy transfer to break atom bonds and introduce the
precursor inside the structure. This is confirmed with the small diffraction peak of Li;O observed at 33.50°.
However, even after 4.2h of BM the conductivity remains low, although the Li»O has been incorporated,
indicating another cause. Short BM times might result in larger particle sizes and potentially an uneven
composition which might impede the conductivity pathways.

With the gradual increase in BM time from 4.2h on, there is a noticeable suppression of the C2/m phase
by what appears to be the amorphous phase. This phase change results in an increase in conductivity,
again indicating the amorphous phase is more conductive possibly due to an increase in disorder. After
18.7h of BM, the C2/m phase is nearly indistinguishable, and the structure is almost fully amorphous,
with a prevalent amorphous phase at 26.9h of BM, reaching a maximum conductivity of 0.61 mS/cm.

Another batch can be found in appendix Figure B.2 but the conductivity is worse and the amorphous
phase is not reached even with 44.9h of BM.
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Figure 26: (a) X-ray diffraction measurements and (b) conductivity measurements of Lip.5ZrCl4Og.25 ball milling
for different durations.
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Activation energy

In the Arrhenius experiment conducted on two different BM times (see Figure 27), the activation energy
(E,) remains very similar, with values of 0.2979 €V for 16.5h of BM and 0.2990 eV for 35.8h of BM.

Interestingly, despite the similar activation energies, the obtained conductivities measured at different
temperatures are twice as small for the 35.8h BM sample compared to the 16.5h BM sample (see Figure
27c). This difference in conductivity is reflected in the pre-factor value which doubled (see Figure 27d).
A factor for this pre-factor increase could be the jump distance (a) which decreases with a decreasing
lattice parameter. It is also worth considering that the behavior of this specific batch is unusual because
the dominant amorphous phase is never fully reached, which is different from the trend observed in the
other batches.
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LiZI’Cl400_5

Structure and conductivity

In the investigation of LiZrCl,Og 5 composition, it is observed that distinct structural phases emerge dur-
ing different BM durations notably: C2/m, amorphous, and P3m1. In Figure 28, the XRD and conductivity
results of LiZrCl4Og 5 are shown at different BM times (for this batch the effective BM cycles are 10 min-
utes instead of 5 minutes). Initially, with 8.3h of BM, the C2/m phase predominates, but a gradual increase
in the amorphous phase is observed, leading to a dominating amorphous state after 14.7h of BM. Inter-
estingly, this amorphous phase remains relatively stable for a few hours of milling. With 18.2h of BM,
however, a P3m1 phase starts to emerge and after an additional 10h of BM, a clear transition to the P3M1
phase occurs. In this and other batches, no LioO precursor is detected, suggesting that all the precursor
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enters the structure at this composition.

In terms of conductivity, the C2/m phase exhibits the lowest conductivity, while an increase in conduc-
tivity is observed as the amorphous phase becomes more predominant, reaching its highest value at 1.06
mS/cm after 18.2h of BM. Interestingly, the highest conductivity is achieved not in a fully amorphous
structure but rather when the material begins to transition toward a P3m1 structure. The predominantly
P3m1 phase also displays good conductivity, although it is slightly lower than that of the mixed amor-
phous phase. From these measurements it seems that the C2/m phase is less favorable for ionic con-
ductivity and there appears to be an optimal ratio of amorphous and P3m1 phase since the conductivity
increased in between 17.2h and 18.2h of BM. Meaning that potentially an even higher conductivity could
be reached in between the transition from the amorphous phase to the P3m1 phase (18.2h-28.2h of BM).

It’s worth noting that the conductivity measurement at 14.7h of BM might have been a measurement error
since the conductivity remains unchanged despite a shift in the crystal phase. Additional batches in the
appendix Figures B.3 and B.4 exhibit similar trends, affirming the consistency of these phase transitions
and their corresponding effects on conductivity.
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Figure 28: (a) XRD measurements and (b) EIS measurements of LiZrCl4Og. 5 ball milling for different durations.

Activation energy

The three distinct phases are analyzed through Arrhenius measurements. Figure 29c reveals that the
activation energy is the lowest for the amorphous dominating phase, with a value of 0.2764 eV, followed
by the C2/m phase with 0.2888 eV, and the P3m1 phase with 0.3024 eV. The activation energy of the P3m1
phase is larger than the C2/m phase although the conductivity is higher. This pattern is reflected in the
pre-factor (Figure 29d) that increases drastically for the P3m1 phase. Considering the trend of the pre-
factor and the activation energy, it follows the same trend based on the pre-factor equation 7, which is
related to the oscillatory frequency vy and decreases with decreasing activation energy.
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Li,ZrCl,0
Structure and conductivity

The composition LisZrCl4O has been a focus point of this project and has consistently exhibited the
highest conductivity, reaching 1.60 mS/cm with 17.2h of BM. In the first representative batch, as shown
in Figure 30a and 30b, an interesting trend is observed. Compared to the samples, shown previously, with
a higher concentration of Li5O, the initial phase formed after 8.3h of BM is the P3m1 phase (compared to
C2/m). With an additional 8h of BM, there is an emergence of a seemingly amorphous phase with some
coexistence of P3m1 and C2/m phases. However, it appears a complete amorphous phase is not attainable.
Finally, as ball milling continues, the structure transitions towards a C2/m phase. Extending the BM time
even further doesn’t lead to a change in structure but rather an increase in the formation of the crystalline
C2/m phase. Furthermore, there is still some Li;O precursor present in the powder which is visible in the
XRD data for the P3m1 and amorphous phase at 33.50°. Nevertheless, it appears that with a sufficiently
long duration of ball milling (BM), the Li;O precursor is incorporated into the C2/m structure.

Among the identified phases, the the crystalline P3m1 phase exhibits fine conductivity, with 1.28 mS/cm.
The predominant amorphous phase, however, demonstrates the highest conductivity with 1.48 mS/cm.
Curiously, it becomes evident that as BM time increases beyond a certain point, there is a drop in con-
ductivity. This trend continues even with very long BM (41.3 hours). This observation suggests that the
C2/m is not a favorable structure towards high conductivity and agrees with what has been observed
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with previous compositions. Additionally, it is expected that with the presence of LioO precursor the
conductivity decreases as Li2O is a poor conductor. Nonetheless, a high conductivity is still measured.
This could suggest an even higher conductivity can be reached if the precursor is eliminated.

In another batch, as depicted in Figure 30c and 30d, a more detailed investigation is conducted by using
smaller steps of BM time to create a clearer connection between structure and conductivity. Similar to
the previous batch, the P3m1 phase emerges after 8.3h of BM, and as BM time increases gradually, the
electrolyte powder approaches a coexistence between P3m1, amorphous and C2/m structure. It seems
that achieving a completely amorphous phase for this composition may not be feasible especially looking
at 17.8 and 19.1h of BM. Afterwards, with just one additional hour of BM (20.3h) the phase transitions
towards a dominant C2/m phase. This highlights the sensitivity of this coexisting phase to ball milling
and the challenge of achieving the optimal structure for attaining the highest conductivity. Moreover, the
Liz O precursor is again visible in the powder for all BM times.

From the previous compositions, conductivities tend to improve as the dominance of the amorphous phase
increases. Interestingly, the highest conductivity is not achieved at what seems to be the most amorphous
phase at 17.8h and 19.1h of BM (1.458 and 1.468 mS/cm) but rather when there is still a significant presence
of the P3m1 phase at 16.6h of BM (1.535 mS/cm). This decrease in conductivity observed at 17.8 hours of
ball milling could be attributed to the increasing presence of the less conductive C2/m phase.
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An additional batch (see Figure B.5) further supports the conclusion that synthesizing a fully amorphous
phase does not seem possible and that an optimal ratio of the P3m1 and amorphous phases exists, which
maximizes conductivity without the clear presence of the C2/m phase. The highest conductivity measured
is 1.60 mS/cm and is also composed of some presence of P3m1 and amorphous phase.

Finally, an attempt is made to determine if a conductive phase can be observed with minimal ball milling
of 2.3 hours, as shown in Figure B.6. Unfortunately, as with previous compositions, a low conductivity
of 6.53x10~2 mS/cm is measured, indicating that more ball milling is required. The limited conductivity
could be attributed to the fact that the crystal phase has not yet formed, and the precursors have not
mixed thoroughly (as shown by the clear presence of the Li;O precursor at 33.50° in the XRD).

Activation energy

Arrhenius measurements are made on the predominantly P3m1, amorphous and C2/m phases. In Figure
31b the Arrhenius measurements reveal a correlation between activation energy and conductivity, with
activation energy increasing as conductivity decreases. Specifically, the mostly amorphous phase sample
(BM time of 18.3h) exhibits the highest conductivity with an activation energy of 0.2813 eV, while the
P3m1 phase shows activation energies of 0.3049 eV and 0.2911 eV. The C2/m phase displays a similar
activation energy and conductivity to the P3m1 phase, measuring at 0.2908 eV. Additionally, the resulting
pre-factors also follow the expected trend based on the pre-factor equation 7.
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Figure 31: Arrhenius measurements with 7.5h, 10.8h, 18.3 and 26.6h BM Li»ZrCl4O, a) corresponding X-ray diffrac-
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Phase contents of Li,ZrCl1,0

Figure 32a displays the resulting XRD patterns obtained from hand-mixed pure silicon with varied BM
times of Lio ZrCl4 O at a 2:8 ratio. The structural compositions are selected to include a predominant P3m1
structure, a coexistence of P3m1, C2/m, and amorphous phases, and a pure C2/m phase. By employing
refinements with GSAS II software and the introduction of silicon, it becomes feasible to determine the
proportion of each phase present for each BM duration (see refinement results in Figure B.7).

From Figure 32b, it is evident that with a BM time of 7.5 hours, the P3m1 phase prevails with 87% content,
yielding a conductivity of 0.86 mS/cm. However, extending the BM time by just 3.3 hours leads to a sub-
stantial increase in amorphous content, reaching 57% content, and a higher conductivity of 1.26 mS/cm.
After 18.3 hours of BM, the amorphous phase becomes the dominant component at 61%, accompanied
by a further increase in conductivity to 1.50 mS/cm. With continued BM, the P3m1 phase diminishes,
and the C2/m phase becomes more prominent, resulting in a significant drop in conductivity. This analy-
sis exhibits the positive influence of amorphous content on conductivity, while indicating that the C2/m
phase is less conductive than the P3m1 structure (as with similar contents of ~ 43% a lower conductivity
is observed for the C2/m phase).

Hu et al. have reported a relationship between grain size and phase fraction, observing a decrease in
both P3m1 and C2/m grain sizes with increasing amorphization. Their study, however, was conducted
with the same BM time but for different compositions [16]. In contrast, in Figure 32b, a distinct trend is
not immediately clear but it does appear that as BM time increases, there is a reduction in grain size, a
phenomenon that can be attributed to the continuous exerted mechanical forces on the material by the
milling balls during the BM process.
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Li321‘Cl401.5
Structure and conductivity

LizZrCl401 5 is the composition with the highest LioO precursor content in this project. The resulting
XRD and conductivities are shown in Figure 33. Similar to LizZrCl4O, in this composition, the P3m1
phase is the first phase to appear after 4.2h of BM, but already shows signs of amorphization. With an
additional 2h and 4h of BM, a more amorphous phase is created, but XRD data also show the presence
of peaks from the P3m1 and C2/m phases. After 12.4h of BM the structure is mainly C2/m. Again at
approximately 33.50° in the XRD measurement, the LioO precursor has a visible peak. Only at the highest
ball milled sample the precursor is fully incorporated into the structure.

Considering the conductivity, interestingly, the phase that exhibits the highest conductivity, with 1.23
mS/cm, is achieved with little BM time of 4.2h. This trend supports the idea that with higher Li» O content
there is a faster amorphization as for Lig 5ZrCl4Og 25 around 20h of BM is needed compared to 16h for
LisZrCl4O. Notably, even at 2.1 hours of BM, when the electrolyte doesn’t have a clear structure yet, it
already displays a conductivity of 0.955 mS/cm. Similar to the Li;ZrCl4O composition, it seems that a
fully amorphous phase cannot be achieved. The 4.2h BM powder is a coexistence of mainly P3m1 and
amorphous phases. And with only 2.1h of additional BM the structure switches clearly to a coexistence
of C2/m and amorphous phases. Due to the presence of the C2/m phase the conductivity decreases as the
C2/m phase is not highly conductive. Therefore, the highest conductivity is observed with 4.2h of BM.
Afterwards, with additional BM time to 12.4h and 20.8h of BM, the electrolyte transitions quickly to the
C2/m phase, resulting in a significant drop in conductivity.
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Figure 33: (a) X-ray diffraction measurements and (b) conductivities of Li3ZrCl4O1 5 ball milling for different dura-
tions.

Activation energy

From the Arrhenius measurements, in Figure 34, the activation energy of the mainly P3m1 phase exhibits
0.2803 eV while the predominant coexistent C2/m and amorphous phases have a slightly lower energy
with 0.2744 eV. The pure C2/m phase has a significantly higher activation energy of 0.3315 eV, which
aligns with the observed low conductivity in this phase.
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Figure 34: Arrhenius measurements with 4.2h, 6.3h and 20.8h BM LizZrCl40 5, (a) corresponding X-ray diffraction
patterns, b) corresponding conductivity and activation energy (E,), ¢) corresponding conductivities from 50 to 100°C
and d) the corresponding pre-factor and E,.

All conductivities for Li,,ZrCl1,0,,

Figure 35 displays the conductivities obtained from the EIS measurements for all the batches synthesized
with various compositions of Lis, ZrCl,O, in this project. It can be observed that the different batches
do not consistently produce identical EIS results for the same ball milling durations. This could be due
to a few batches being synthesized with a different number of grinding balls or different cycling rates
or speed. It is also noticed in general that each batch behaves differently and the performances differ,
making it challenging to replicate measurements, even under the exact same conditions. However, when
examining the XRD patterns alongside these measurements, it is usually possible to better understand
and explain the resulting conductivity.
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4.1.4 Stability window analysis of Li,ZrClg, LiZrC1,0, 5, and
LiQZI'Cl4O

As explained in chapter 1.5, the electrochemical stability window is an important parameter in a battery.
As within this stability window, a material will not undergo an electrochemical reaction that could hinder
the performance of the battery.

In Figure 36a, the Linear Sweep Voltammetry (LSV) plot for LisZrClg reveals that oxidation initiates
at approximately 4.142 V vs. Li/LiT. This suggests that it can be operated up to 4.142 V before any
significant reaction occurs. With addition of oxygen the Cyclic Voltammetry (CV) plot for LiZrCl,Og 5
in Figure 36b indicates oxidation starting at around 4.099 V. Additionally, in Figure 36¢c and d, the LSV
and CV curves for LisZrCl,O are presented, and they show an oxidation potential of 4.033 V and 4.382
V, respectively. This difference in oxidation potential for Li;ZrCl,O suggests that a potential error in the
synthesis process may have happened, and therefore, this particular data point should be regarded with
caution and possibly disregarded.

In general, the addition of oxygen to the chloride-based electrolyte results in a slight decrease in the
oxidation potential, in the range of 0.05 to 0.1 V lower than LisZrCls. However, this change in oxidation
potential is relatively small and may not significantly impact the electrochemical stability window when
compared to LioZrClg. This suggests that the chloride-based oxyhalide electrolyte could potentially allow
the battery to be cycled within a similar voltage range as LisZrClg.
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4.1.5 Morphology analysis of Li,ZrC1,0

In a solid structure, particles can be divided into primary and secondary particles. Primary particles are
the building blocks of the solid, while secondary particles are an aggregation of primary particles [76].

In order to compare the distinct morphologies of the three identified phases (C2/m, amorphous, and
P3m1), scanning electron microscopy (SEM) is employed (see Figure 37). Comparing the amorphous phase
with both crystalline phases (C2/m and P3m1), it is observed that the abundance of primary particles is
significantly higher in the amorphous phase. A higher number of primary particles could increase the
surface area which in turn can increase the interfaces for Li-ion to migrate inside the powder and reach
higher conductivities. Furthermore, the comparison between P3m1 and C2/m shows that P3m1 may have
a higher concentration of primary particles.

The particle size obtained from the SEM analysis reveals that smaller particles have a range of around 2-4
um for each phase. For larger particles, C2/m and P3m1 exhibit a size range of 10-15 um with the amor-
phous phase exhibiting not many large particles. Additional SEM images can be found in the appendix
Figure B.8.
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Figure 37: SEM images of LioZrCl,O with different crystal phases. (a) and (b) are in the C2/m phase, (c) and (d) are
in the amorphous phase, (e) and (f) are in P3m1 phase.

4.1.6 Battery cycling performance of Li;ZrCl,0

A battery composed of the solid electrolyte LioZrCl,O is used to test the oxyhalide’s long term cycling
performances. The battery is composed of 11 mg cathode of NMC/LisZrCl4O (70 mg NMC and 30 mg
Li»ZrCl40O), 50 mg of protective layer argyrodite (LigPS5Cl) to prevent reactions with the Li-In anode, 50
mg of Li»ZrCl,O electrolyte and Li/In alloy anode (1 mg Li and 40 mg In).

The battery’s performance is summarized in Figure 38, which includes voltage profiles with varying num-
bers of cycles, as well as data on capacity and coulombic efficiency per cycle. The battery is initially
activated at 0.05C. After the activation cycles, the battery is charged and discharged at a 0.5C rate, which
means it takes 2 hours to charge and 2 hours to discharge fully. The initial charge capacity after the first
cycleat 0.5Cis 125.6 mAh/g. After 500 cycles, the capacity is 104.55 mAh/g, indicating a capacity retention
of 83.24%. After 742 cycles and 1000 cycles, the capacity retention is 77.70% and 67.47% respectively.

These results indicate that the battery maintains its performance even after extended cycling, demon-
strating the potential of LioZrCl4O electrolyte for battery applications.
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Figure 38: (a) Charge and discharge voltage profiles (vs Li/Li*) at 0.5C after different cycle amounts, (b) Capacity
and coulombic efficiency of ASSB with LioZrCl4O electrolyte.
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4.1.7 Challenges in synthesizing Li,, ZrCl1,0,

The repeatability of batches has proven to be somewhat challenging, as both the XRD patterns and con-
ductivities do not consistently match for different batches with the same duration of ball milling, even
when the same parameters are applied. To investigate this issue three separate batches of LiZrCl4Oq 5
have undergone BM for 8.3 hours and 16.5 hours as illustrated in Figure B.9. While they exhibit similar
structures of C2/m and P3m1, a slight variation in XRD intensities and conductivity is observed. This
shows the possible challenge of repeating the same results.

It has also been perceived that achieving the most optimal phase for the highest conductivity is not a
simple task. Figure B.10 displays XRD measurements of LiZrCl4O and indicates a 5.3-hour gap of ball
milling time between an almost pure P3m1 and C2/m phase. Within this gap, the coexistence of P3m1,
C2/m, and amorphous phases rapidly changes. Obtaining the highest conductivity within this gap is
a challenging task that requires careful control. To achieve this, it’s necessary to take small BM time
steps and closely monitor the structural changes to identify when the desired phase and conductivity are
achieved. Additionally, between 19.1 hours and 20.3 hours of ball milling, there is a transition from phase
coexistence to almost pure C2/m, revealing how easy it is to overshoot the optimal phase.

Lastly, it is important to assess and compare the performance of different equipment, such as jars used
in ball milling processes, to ensure consistency and reliability in materials synthesis. In this case, a di-
rect comparison of the two jars used for all synthesis is made. This is done by synthesizing LioZrCl,O
under identical conditions. The resulting XRD data (see Figure B.11) show similar XRD patterns for both
jars after different durations of ball milling, suggesting that the structural phase formation is consistent.
However, there is a slight difference in conductivity, with jar 1 showing a conductivity that is 0.1 mS/cm
lower than jar 2. This difference could potentially be from a minor error in weighing of the precursors.
However, it also suggests the possibility that the two jars may have had a slightly different performance.

4.1.8 Improving synthesis method of Li,,ZrC1,0,

Instead of direct ball milling of the precursors as is done in the main project, different synthesizing meth-
ods of Lis, ZrCl4 O, are explored. This is done to understand what would be the most efficient synthesizing
method considering time and energy.

Synthesis of Li»ZrCl,0 through hand-grinding or ball milling and subsequent
annealing

The first alternative synthesizing approach is to hand grind the powder for 20 minutes and subsequently
anneal at varying temperatures. In Figure 39, the conductivity obtained through EIS measurements show
avery low ionic conductivity. Even with shorter (5h) and longer (72h) exposure to heat and at higher (500
C°) or lower (200 C°) temperatures the ionic conductivity does not show any considerable improvement.
From the XRD it is observed that the structure is well crystallized.

Since the powder is only hand grinded, it might not be mixed enough and as a result, the material may
not have a homogeneous composition. As this method results in a very low conductivity, this method is
deemed unsuitable and is not further pursued.
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Figure 39: 20 minutes hand grinded Li»ZrCl; O and subsequently annealed at different temperatures and annealing
times. (a) corresponding XRD patterns and (b) ionic conductivities.

Another synthesizing method attempted is BM of LioZrCl,O for 8.3 hours and then subsequently an-
nealed. In Figure 40, the XRD and EIS results are displayed with an annealing temperature of 150 C°
for 48 hours. The conductivity, after annealing, decreases from around 1.1 mS/cm to 5.38x10~5 mS/cm
(equivalent to 730Q0), representing a significant decline in conductivity. Consequently, this method is also
deemed unsuitable for a more efficient synthesis process.
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Figure 40: Li>ZrCl4O is ball milled for 8.3h and followed by annealing at 150 C°. (a) XRD pattern and (b) ionic
conductivity.

4.1.9 Improving Li,,ZrCl,0, performance

Different pathways are explored to improve the Liz, ZrCl,O,, electrolyte’s performance. These include in-
vestigating into alternative precursors (Li;ZrCl50g 5 and Li;ZrCl4 O2), substitute halides (with Fluoride),
sodium based electrolyte (Na™) and doping with metals (Y3, La3*, V4t and Ta®*).

LiCl precursor addition (Li;ZrCl;0 5)

An alternative composition is explored using precursors LiCl, LioO and ZrCly resulting in LisZrCl5Oy 5.
As shown in Figure 41, the resulting structure after 8.25h of BM is P3m1, and with increasing BM time
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up to 14.5 hours, there doesn’t seem to be any amorphization, and the conductivity stabilizes at around
1.25 mS/cm. Both synthesized batches exhibit the same P3m1 phase and almost the same conductivity.
Although it seems the amorphous phased structure will not form and a conductivity plateau is reached,
further investigation with longer ball milling times could be interesting to confirm this and understand
what the influence of LiCl is. As it seems it might favor the P3m1 structure formation.
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Figure 41: BM samples of Li>ZrClsOg. 5, (a) XRD patterns of both batches and (b) conductivities of both batches.

LSV and CV measurements are conducted on Li;ZrCl5Og 5 to see how this compares to the main Zr-based
oxyhalide investigated in this report. As expected, from both the LSV and CV an oxidation potential is
observed at around 4.019 V which is similar to the previously synthesized oxyhalides 4.1.4.
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Figure 42: (a) Linear Sweep Voltammetry of LioZrClsOg.5 and (b) Cyclic Voltammetry of LiaZrCl5Og 5.

Trivalent Y doping (YCls)

Instead of Zirconium (Zr*%), Yttrium (Y3*), known to also have decent conductivity in electrolytes, is
employed as a dopant by utilizing YCl3 as the precursor [13]. The XRD analysis, depicted in Figure 43,
shows that synthesized Li;YCl3O has a distinct crystal structure compared to the Zr-based electrolyte.
However, the measured conductivity of the Y-doped electrolyte is very poor.

The introduction of metal ions through doping can enhance an electrolyte’s conductivity by influencing
factors like local disorder, introducing vacancies, tuning Li-ion contents and stabilizing crystal phase
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structures [77]. Therefore, to explore the potential for improving the conductivity, the electrolyte is
slightly doped with Y37 to synthesize Lis 1Zrg.9Y.1Cl4O.

From Figure 43a the YCl3 doping does not appear to alter the starting P3m1 structure and the same
transitioning towards an amorphous structure is observed. This closely resembles the undoped electrolyte
in Figure 30. Interestingly, it might require less BM time to reach the amorphous phase compared to the
undoped electrolyte. Since the amorphous phase is achieved after approximately 12h of BM for the doped
electrolyte, compared to an average of 17h for the undoped electrolyte. Additionally, the doped electrolyte
seems to be reaching an almost fully amorphous structure which is not reachable with the undoped
electrolyte. The Li O precursor is still present at short BM durations meaning higher BM durations could
be needed to introduce the Li5O precursor in the structure.

The highest conductivity, approximately 1.58 mS/cm, is reached after 10.8h of BM for the doped elec-
trolyte, which is comparable to the highest conductivity achieved for the undoped electrolyte (1.60 mS/cm).
Particularly, this peak conductivity coincides with the presence of the P3m1 crystal phase and closeness
to the amorphous-dominated phase. Further investigations, including experiments with higher YCl3 con-
centrations and longer BM times, could show the impact of doping on the trend of phase changes and
conductivity.
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Figure 43: (a) X-ray diffraction measurements and (b) respective ionic conductivity of ball milled synthesized
Li2YCI30 and Liz.1 Zro.9Y0.1ClsO.

La-doping (LaCl;)

The potential of incorporating another 37 trivalent metal ion, Lanthanum (La3"), into the oxyhalide
electrolyte is also investigated. Since a paper from Yu et al. shows that a Lanthanum based electrolyte
(Lip.388Tap.238Lag.475Cl3) shows a high conductivity of 3.02 mS/cm and Li-metal stability [78].

The first composition synthesized is LioLaCl3O with precursor LaCls mixed with LisO. From Figure 44,
the XRD data displays a P63/m crystal phase after 8.3h of BM. The resulting conductivity is 0.0265 mS/cm
and therefore does not seem to have promising performances.

Subsequently, doping with LaCls in the Zr-based oxyhalide is explored. The synthesized Lis 5Lag 5Zrg 5Cl4O
composition displays a crystal phase similar to the pure lanthanum composition, P63/m, which appears
to be dominant at this concentration. Unfortunately, this composition also yields a very poor conductiv-
ity value, indicating that the presence of half of the metal cation being lanthanum may be excessive and
detrimental to the conductivity.

The last composition explored is Lig ggLag.5Z¢.5Cl3.500.33 which is a mixture of LisO, LaCls and ZrCly.
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From Figure 44, this composition also shows P63/m crystal phase which differs from the pure Zr-based
oxyhalide electrolyte. It again appears that LaCl; dominates the crystal phase in this composition, and
this phase remains unchanged with longer ball milling times. The conductivity, however, seems more
promising, with the highest reaching 0.65 mS/cm after 18.9h of BM.
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Figure 44: Properties of ball milled synthesized Li2LaClzO, Liz.5Lag.5Zrg.5Cl4O and Lig.66Lag.5Z0.5Cl3.500.33 (a)
corresponding X-ray diffraction and (b) conductivity.

Mixed metal electrolyte

As stated before, Lig 338 Tag.238Lag.475Cls shows promising properties such as high conductivity and sta-
bility with Li metal [78]. Therefore, the last doping composition attempted involves LaCls, ZrCly, TaCls
and Li,O, resulting in the formation of Lig ggLag.5Zrg.25Tag.25Cl3.7500.33. Additionally, tantalum has
been showing very promising conductivities but its main drawback is its scarcity. For this reason only
little amount is used for doping the electrolyte.

From Figure 45, it is observed that the resulting crystal structure, for all BM samples, are primarily gov-
erned by lanthanum, resulting in a P63/m structure. Despite the dominance of the LaCls structure, the
conductivity remains high, reaching 1.550 mS/cm after 16.5 hours of ball milling. This high conductivity
is likely primarily attributed to the properties of tantalum.

Again, it appears that LaCls is governing the crystal structure which might not be the most favorable for
ionic conductivity. Therefore, it is interesting for further investigation to dope little amount of tantalum
into the Zr-based oxyhalide to explore potential improvements in conductivity.
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Figure 45: Properties of ball milled synthesized Liy.¢6Lao.5Zo.25Tao.25Cl3.7500.33 (a) X-ray diffraction and (b) the
resulting conductivity.

Additional explored doped and elemental substitution of Li;, ZrC1,0, electrolyte

An attempt is made to substitute the chloride halide with fluoride to assess its impact on conductivity
and the oxidation potential. This resulted in the following composition, LioZrF,O. However, LizZrF,O
exhibits terrible conductivity and, as a result, was not investigated further (see Figure B.12).

Another substitution attempt involved replacing lithium with sodium, yielding NasZrF4O. Sodium is an
element that is abundant, cost-effective, and safer. However, after ball milling for 8.3 hours, the resulting
conductivity is extremely low, measuring 6.38x10~* mS/cm. The resulting XRD and EIS data are shown
in Figure B.13.

In another experiment, the precursor LizO5 is used instead of LioO, resulting in Li;ZrCl,O,. After ball
milling for 8.3 and 16.5 hours, the structural phase identified is C2/m, which has shown to have lower
conductivity in this study for the Lis, ZrCl4O, electrolyte. Moreover, with increased ball milling, the
prevalence of the C2/m phase became more pronounced, indicating no signs of a phase change (see Figure
B.14). The resulting conductivities are 0.244 and 0.263 mS/cm, which are significantly lower than those
of Li»ZrCl4O and other concentrations based on Li» O precursor.

Finally, metal doping is attempted using vanadium (V°7) to create Li; Zrg.6Vo.4Cl4O. As shown in Figure
B.15, the XRD pattern and corresponding conductivity is displayed. After 8.3 hours of ball milling, a
conductivity of 0.161 mS/cm is measured, which is quite low, and therefore further investigation is not
continued. Additionally, it’s important to note that vanadium 5+ is dangerous for the health.

4.1.10 Li-metal stability

As explained in background 1.2.4, Li-metal as an anode in a battery has several advantages. Li-metal
possesses the lowest reduction potential (0 V vs. Li/Li+). This property results in a higher overall cell
voltage, leading to increased energy density in the battery. Furthermore, Li-metal can also prevent den-
drite formation and has high capacities. These features make Li-metal a highly desirable choice for anode
material in battery applications.

For these reasons some synthesized electrolytes from this report are tested for their stability against
Li-metal (namely Li; 5ZrCl4Oo.75, Lig.66Lao.5Zr.5Cl3.500.33 and Lig gsLag.5Zo.25Tag.25Cl3.7500.33). To
assess this stability, a symmetrical cell configuration is employed, comprising of an electrolyte layer sand-
wiched between two Li-metal plates. The results from the measurements are shown in Figure 46. It is evi-
dent that the oxyhalide electrolytes exhibit instability when in contact with Li-metal. As with application
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of a current and cycling, the voltage is progressively increasing, indicative of reactions occurring at the
interface between the electrolyte and the Li-metal electrodes. This reaction is not wanted since it has the
potential to increase internal resistance and decrease battery efficiency. Additionally, Lis 5Lag 5Zrg 5Cl,O
is also measured with a symmetric cell, and an initial high overpotential (4.1 V vs. Li/Li™) during the first
cycle is observed.

Unfortunately, from these measurements it can be concluded that the oxyhalides synthesized in this report
are not stable against Li-metal.
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Figure 46: The voltage profiles of the cell configuration of Li|Li;.5ZrCl4Og.75|Li, Li|Lig.e6Lao.5Z0.5ClaOg.33|Li and
Li|Lig.66Lao.5Zo.25 Tag.25Cl3.7500.33|Li during galvanostatic cycling measurement at a current density of 0.5 mA/ cm2,
0.2 mA/cm? and 0.2 mA/cm? respectively.

4.1.11 Conclusion of Zr-based oxyhalides

This work explores the O-doping effect on Zr-based halide solid electrolyte, specifically Lis, ZrCl,O,
(x=0.25, 0.5, 1 and 1.5), which is synthesized with Li;O and ZrCl,. These are subjected to different ball
milling (BM) times and are additionally doped with various metals. Here, the most interesting results and
findings are summarized.

The reason to investigate Zr-based electrolytes is due to the cost-effectiveness of ZrCly (as low as 12.50
USD/kg), its widespread industrial use, and the abundance of Zr in the Earth’s crust (165 mg/kg), making
this electrolyte suitable for large-scale production. Li;ZrClg has also shown reasonable conductivities of
0.81 mS/cm achieved after 45 hours of BM [77].

The first aim was to replicate the impressive performance observed of amorphous LiTaCl5 Oy 5 by Ishiguro
et al., achieving a conductivity of 8.92 mS/cm with 200h of BM followed by annealing. However, the
highest conductivity achieved in this project is 3.5 mS/cm with 16.5h of BM. Prolonged BM times reveal
the presence of poorly conductive ZrO, from the BM balls. Nevertheless, these promising results have
led to the investigation of the cost-effective zirconium oxyhalide: Lis, ZrCl4,O,,.

In terms of phase structure, Lis, ZrCl,O, exhibited an initial phase of either C2/m or P3m1, which sub-
sequently transformed into an amorphous structure and, after longer BM times, became P3m1 or C2/m.
The initial phase appeared to be influenced by the oxygen (O) content, with lower O contents (x = 0.5
and 1) exhibiting a C2/m phase before transitioning to a fully amorphous phase and, with longer BM
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times, P3m1. In contrast, higher O contents (x = 2 and 3) initiated with P3m1 phase and shifted to a
coexistence of P3m1, amorphous, and C2/m before ultimately forming a dominating C2/m phase. This
re-crystallization phenomena may be related to prolonged exposure to high mechanical energy.

Considering conductivity, LisZrClg exhibited a conductivity of 0.48 mS/cm after 8.3h of BM with a P3m1
phase. With the introduction of LisO precursor, Lig 5ZrCl4Og 25 and LiZrCl,Og 5 achieved a fully amor-
phous structure with the highest conductivity of 0.68 mS/cm after 28.3h BM and 1.06 mS/cm with 18.2h
BM, respectively. LioZrCl4O achieved 1.6 mS/cm with 17.2h BM, and Li3ZrCl4O; 5 reached 1.23 mS/cm
after 4.2h BM characterized by a mixed phase dominated by the P3m1 and amorphous structures.

In general, the amorphous phase enhances conductivity compared to the crystalline structures, possibly
through increased space for Li-ion movement and a hopping mechanism facilitating ion mobility. How-
ever, comparing all compositions, the most amorphous ones (x = 0.25 and 0.5) do not exhibit the highest
conductivity. It appears that the O content has a dual impact: it affects the degree of amorphization and
the concentration of Li-ions (where higher Li-ion concentration typically results in a greater number of
active Li-ions contributing to the conductivity). This results in a trade-off.

It is observed that LisZrCl4O and Li3ZrCl4 O 5 still have slight LioO precursor that did not incorporate
into the structure. Only after long BM time Li;O does get incorporated into the C2/m structure. This
suggests that higher conductivities can be reached if all LioO is incorporated for these compositions,
since Li5O is poorly conductive.

Refinement measurements revealed that ball milled LioZrCl4O exhibiting 57% of the amorphous phase
and 43% P3m1 content displayed higher conductivity compared to 57% of the amorphous and 43% C2/m
content, confirming the lower conductivity of the C2/m phase. Furthermore, the amorphous phase is
responsible for increasing conductivities. This trend is the opposite of typical halide electrolytes, where
the C2/m phase usually exhibits the highest conductivity.

The crystallinity of Lis, ZrCl4O,, can be tuned both through the presence of oxygen content and the ball
milling durations. Additionally, slight 3+ yttrium doping (Lis 1Zrp.9Y0.1Cl4O) enhanced amorphization
and achieved a conductivity of 1.58 mS/cm after only 10.8h of BM, suggesting that less BM time might be
needed to reach the ideal phase.

Regarding the oxidation potential, Li;ZrClg exhibited a potential of 4.142 V vs. Li/Li* compared to
LiZrCl4Og 5, which exhibited an oxidation potential of 4.099 V, and Li»ZrCl4O of 4.033 V, indicating that
the introduction of oxygen might slightly lower the oxidation potential. It is possible that cycling can
be done above this voltage as seen with pure chloride-based electrolytes. Moreover, CV measurements
indicate the formation of an interlayer suggesting that the reaction may not significantly impact battery
cycling at higher voltages. Lastly, the oxyhalides based on Zr did not show Li-metal stability, both doped
and undoped.

To reduce oxygen content while maintaining a high Li content, the electrolyte LisZrCl; 0 5 was investi-
gated, incorporating LiCl, LioO, and ZrCl,. However, with BM times up to 14.5h, no signs of amorphiza-
tion are observed, and a P3m1 phase is identified. The conductivity stabilizes at around 1.25 mS/cm, and
the oxidation potential is observed at 4.019V, similar to the other oxyhalides investigated.

The battery cycling performances are promising, with Li;ZrCl,O as an electrolyte exhibiting an initial
capacity of 125.6 mAh/g at 0.5C and retaining 67.47% capacity after 1000 cycles.
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4.2 Mixed halide electrolyte

For the second part of this project an Y-based mixed halides electrolyte is investigated. The reason for
studying Y-based electrolyte is that it exhibits the highest conductivity amongst halide electrolytes (5.36
mS/cm for LigYBry 5Cl; 5) [65]. Additionally, in terms of cost, yttrium is the second cheapest metal ele-
ment that is employed in all halide electrolytes (YCl3 with 330 USD/kg) and considering abundance it is
more abundant than most other metals employed with 33 mg/kg in the earth’s crust [24, 26].

Additionally, previous work by van der Maas et al. has shown that mixed Cl-Br halide (Li3YCl3Br3)
electrolyte exhibits substantially increased conductivity compared to a pure Cl electrolyte (LisYClg), with
only a marginal reduction in oxidative stability [65]. Moreover, with limited Br-doping (Li3YBr; 5Cly 5),
the oxidation potential is not affected, however, the conductivity increases considerably from 0.049 to 2.1
mS/cm at 30 °C compared to Li3YClg. Therefore, by incorporating multiple halogen elements and tuning
the anion ratio, it may be feasible to achieve an optimal mix of halides which optimizes both conductivity
and electrochemical stability. This leads to the investigation of electrolyte LisYCl3Brs_ I, with x=0, 0.2,
0.4, 0.6, 0.8 and 1.

4.2.1 Annealing temperature optimization for Li;YCl;Br,I

The first step in this part of the project is to synthesize Li3YCl3Bral. The ball milling (BM) parameters
are set at a consistent duration of 8.3 hours in this experiment. This duration appears to result in a well-
crystalline structure, which will be discussed in more detail later. Following BM, the samples are subjected
to an annealing process. To determine the most optimal annealing temperature and time, various anneal-
ing temperatures are tested in the synthesis of Li3YCl3Brs.

Annealing temperatures between 150°C and 500°C are used with a consistent annealing time of 5h (be-
sides for 150°C that is 12h). In Figure 47, the resulting XRD measurements and conductivities are shown.
From the XRD measurements, it is observed that annealing temperatures higher than 200°C lead to XRD
peaks with very high intensities and a decrease in impurities. This suggests that the structure at these
temperatures may be more ordered and crystalline. In contrast, at 150°C, the structure appears less crys-
talline.

From the conductivity measurements the highest conductivity is achieved at annealing temperature of
400°C for 5h with 3.74 mS/cm. However, the sample annealed at 300°C for 5h also exhibits a very high
conductivity of 3.25 mS/cm. Considering that there is a 100°C difference in annealing temperature for
a gain of 0.49 mS/cm in conductivity, the 300°C temperature is selected as the annealing temperature to
investigate. This decision is based on the idea that it requires less energy to produce the electrolyte at
this temperature while maintaining excellent conductivity
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Figure 47: Finding the optimal annealing temperature for LizYCl3BraI with (a) the XRD measurements and (b) the
resulting conductivities.

4.2.2 Annealing time optimization for Li;YCI5Br;l

With the optimal annealing temperature determined, the subsequent investigation aims to identify the
most effective annealing time. Various time durations ranging from 5 minutes to 5 hours are examined.
XRD measurements, as depicted in Figure 48a, reveal minimal distinctions in structural phases across
these different durations. However, there are differences in conductivity (see Figure 48b).

Interestingly, a short annealing duration of 5 minutes at 300°C exhibits the highest conductivity at 3.55
mS/cm, followed closely by 15 minutes at 3.30 mS/cm, and 5 hours at 3.25 mS/cm. The high conductivity
achieved with 5-minute annealing period could mean that this short annealing time leads to removal of
defects or disordered regions within the material. This phenomenon likely contributes to an enhancement
in conductivity by addressing certain crystal imperfections, thereby facilitating improved ion mobility.

Considering the advantages of shorter annealing times, such as reduced energy consumption, greater
time efficiency in production and importantly having the highest conductivity, the annealing time of 5
minutes is selected as the optimal time for all halide electrolyte compositions. Furthermore, an additional
sample is annealed at 400°C for 5 minutes, revealing no significant differences in crystal structure or
conductivity.

It is intriguing that a decline in conductivity is observed with a 3-hour annealing period, followed by an
increase in conductivity with more extended annealing times. After 3h of annealing new impurity peaks
are formed due to for example elements migrating out of the structure with long exposure to heat. As the
annealing time increases, the effects of crystallization may become more pronounced than the impurities
created, leading to an increase in conductivity.
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Figure 48: Finding the optimal annealing time at 300°C for Liz YCl3BroI with (left) the XRD measurements and (right)
the resulting conductivities.

4.2.3 Properties of 8.3h ball milled and 300°C for 5 minutes
annealed Li;YCI;Br;_, I,

This part of the project focuses on the Li3YCl3Brs_ I, electrolyte with varying iodide (I”) concentrations
(x=0, 0.2, 0.4, 0.6, 0.8, and 1). The synthesis is conducted by initial ball milling for 8.3 hours followed
by annealing at 300°C for 5 minutes. In Figure 49, crystal structure of Li3YCl3Brs and LizYCl3Brol are
displayed which both exhibit a C2/m structure.

®Li eLi
L D¢ oY

C1 Cl
® Br ® Br

LigYC]}Brz Li3YCl3Brzl

Figure 49: C2/m structure of (a) Li3YCl3Br3, and (b) Li3YCl3BroI after 8.3h of ball milling and annealing at 300°C for
5 minutes.

Figure 50 shows the XRD measurements for the BM samples, BM and subsequently annealed samples,
resulting lattice parameters and the corresponding conductivities. The BM samples exhibit a C2/m crystal
phase for all iodide concentrations as seen in Figure 50a. However, the addition of iodide results in a left
peak shifting in the XRD patterns, indicating lattice relaxation. This shift is attributed to the larger ionic
radius of iodide (r;- = 202 pm) compared to bromide (rg,.- = 182 pm), causing the lattice to expand when
this iodide is inserted in the lattice. Upon BM and subsequent annealing, similar phase structures (C2/m)
are observed for each iodide content (see Figure 50b). However, annealed samples display narrower peaks,
suggesting improved crystallinity and reduction of defects.

The lattice parameter ¢ of each iodide content is shown in Figure 50c. This is determined through refine-
ment using GSAS II software. The lattice parameters consistently increase with the addition of iodide and
the removal of bromide. This expansion in lattice parameters corresponds to the observed leftward peak
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shift in the XRD patterns and also results in an increase in volume of the unit cell. The lattice parameters
a and b can be found in Table 7 and the fitted XRD patterns with GSAS II are shown in Figure C.1.

Conductivity measurements (Figure 50d) reveals two notable trends. Firstly, annealing consistently en-
hances conductivity, indicating the removal of defects during annealing. Secondly, an increase in iodide
content leads to higher conductivity. As seen with x=0 the conductivity is 1.94 mS/cm while x=0.8 and x=1
the conductivity is 2.85 mS/cm and 3.55 mS/cm respectively. This effect is anticipated since iodide’s larger
ionic radius allows for more charge carriers per unit volume and promotes greater ionic mobility by re-
ducing interactions with surrounding ions. This is based on the increase of the bottleneck size and allows
Li-ions to pass through more easily which has a direct impact on activation energy and, consequently,
ionic conductivity. However, at x=0.2 (low iodide concentration), the doping effect on conductivity ap-
pears negligible as conductivity is 1.63 mS/cm, suggesting that this concentration might not significantly
alter the bottleneck size.
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Figure 50: (a) X-ray diffraction (XRD) patterns of ball milled (BM) LisYCl3Br3_,I, for 8.3 hours, (b) XRD patterns
of BM Li3YCl3Brs_,I, for 8.3 hours and subsequent annealing for 5 minutes at 300°C, (c) Results from refinement of
LizYCl3Brs_ I, XRD patterns with GSAS II, (d) Resulting conductivities of BM, and BM with subsequent annealing
of Li3YC13BI‘371LD

4.2.4 Electrochemical stability window of LisYCI3Br; I,

The electrochemical stability window of Li3YCl3Brs_, I, with x=0, 0.2, 0.4, 0.6, 0.8 and 1 is examined
to gain insights into how iodide doping influences the oxidation potential. Figure 51 displays the linear
sweep voltammetry (LSV) results for all concentrations along with their corresponding oxidation poten-
tials relative to their conductivity.

In Figure 51a, the LSV measurements reveal a clear trend where the current onset occurs at lower voltages
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as the iodide content increases. The onset of current delimits the oxidation potential that refers to how
easily an element can lose an electron. This trend is expected due to the larger ionic radius of iodide com-
pared to bromide, as previously discussed. The greater distance between the outermost electron of iodide
and its nucleus makes it easier for iodide ions to undergo oxidation by losing an electron. Additionally,
the current generated from iodide oxidation is highest for the highest iodide content which might signify
that a higher iodide content provides more iodides available for oxidation.

In Figure 51b, the oxidation potential for the sample with no iodide (x=0) is 3.59 V vs. Li/Li* (V), compared
to 3.474 V for x=1. However, at x=0.6, the oxidation potential is 3.451 V, not following the expected trend.
This anomaly could be attributed to potential errors during the powder synthesis process. Comparing
oxidation potential against conductivity clearly demonstrates that iodide improves ionic conductivity but
reduces the oxidation potential. Notably, the increase in ionic conductivity from x=0 to x=1 is substantial,
with values of 1.94 mS/cm and 3.55 mS/cm, respectively. In contrast, the change in oxidation potential is
less pronounced, going from 3.59 V to 3.474 V. This suggests that iodide’s effect on conductivity is more
significant than its impact on the electrochemical stability window.
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Figure 51: (a) Linear sweep voltammetry of LisYCl3Brs_.I, with x=0, 0.2, 0.4, 0.6, 0.8 and 1 with voltage vs Li/LiT,
(b) the resulting oxidation potentials and their respective conductivity after BM for 8.3 hours and annealing at 300°C
for 5min.

A cyclic voltammetry (CV) measurement is made for LizYCl3BrsI and is shown in Figure 52a. The first
cycle exhibits a clear oxidation peak at around 3.4V vs. Li/Li*. Upon the next cycles, it seems a stable
interlayer is created due to the formation of stable products that prevent further oxidation of the bulk
material. As in the subsequent cycles, the resulting current is very low (see Figure 52b). This character-
istic could be advantageous in a full battery, suggesting that the electrolyte can remain stable above this
voltage.
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Figure 52: (a) Cyclic voltammetry (CV) of LiY3Cl3BralI and (b) zoomed in on the last five cycles of the CV.

4.2.5 X-ray Photoelectron Spectroscopy of pristine and cy-
cled LigYClgBI‘QI

The electron configuration of chloride is 1S% 2S? 2P% 352, bromide is [Ar] 4s23d'%4p® and iodide is [Kr]
4d'95s25p>. With X-ray Photoelectron Spectroscopy (XPS) measurements, the core level orbital is ana-
lyzed and is based on the energy required to eject an electron from this orbital. For chloride the 2p orbital
(Cl2p) is used as reference, meaning that the binding energy associated with the 2p subshell of chlorine
is looked at. For bromide and iodide it is Br3d and 13d respectively.

All orbitals, except for the s-orbitals, exhibit a doublet (meaning there are two different energies) and
they possess a specific different binding energy. This difference between the two peaks is a characteristic
for each element and is referred here as A. Additionally, typically the binding energy in a doublet is
selected to be the peak with the highest intensity. From the NIST XPS Database, the -1 oxidation state
of chloride, bromide, and iodide showcase binding energies of approximately 198.5-199 eV (Clp3/2), 68.7
eV (Br3d5/2), and approximately 619 eV (I3d52), respectively. Meanwhile, A is 1.6 eV, 1.04 €V, and 11.5
eV, respectively. Lastly, a binding energy of 619.9 eV for iodide with an oxidation number of 0 is reported
[79].

In theory, iodide should undergo oxidation at a lower voltage compared to chloride and bromide due
to its larger atomic size and greater electron shielding. With Linear Sweep Voltammetry the oxidation
potential of an electrolyte is explored, while XPS serves to confirm which element undergoes oxidation
first. Experimental XPS data is presented in Figure 53. Figure 53a and 53b depict the chloride and bromide
doublet peaks, corresponding to C1~ and Br™, respectively. Table 6 shows (A) values for chloride and
bromide, that are around literature values of 1.6 eV and 1.04 eV. The bonding energies of C1~ and Br™
from literature closely match the measured binding energies with 198.59 eV and 68.62 eV, confirming the
absence of oxidation for these elements. Additionally, the peaks remain unchanged between the pristine
and post-LSV electrolyte meaning no oxidation has undergone.

The expectation of iodide oxidizing first is being confirmed. In Figure 53c, 4 peaks are observed corre-
sponding to the 2 doublets of I(0) (in red) with a measured binding energy of ~620 eV, while the peaks in
green represent I, exhibiting a binding energy of 618.9 eV. These are similar to the literature values (619.9
eV and 619 eV, respectively). Both I(0) and I~ exhibit a A binding energy around 11.5 €V, characteristic
for the iodide element.

When comparing the pristine and post-LSV XPS data for iodide, a clear increase of the intensity of the
red peaks is observed. This signifies an increase in the presence of oxidized I(0), while the intensity of I~
decreases. Consequently, this means that iodide is the first element to undergo oxidation with increasing
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the cell voltage. Lastly, it is interesting to note that there is already some iodide with oxidation state of 0
in the pristine cell meaning that the iodide might have Lil reacted with air to form elemental iodide (I2).
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Figure 53: XPS analysis results comparing the pristine and post-LSV (Linear Sweep Voltammetry) measurements of
the LizYCl3Bral electrolyte. Shown are XPS spectra for (a) chloride (Cl2p), (b) bromide (Br3d), and (c) iodide (I3d)
elements.

Table 6: XPS analysis results comparing the pristine and post-LSV (Linear Sweep Voltammetry) measurements of
the LisYCl3BroI electrolyte. The respective binding energies from the XPS measurements and literature are shown
with its intensities of chloride (Cl2p), bromide (Br3d), and iodide (I3d) elements.

Chloride (C12p) Bromide (Br3d) Todide (I3d)
State Pristine =~ Post LSV | Pristine Post LSV Pristine Post LSV
Binding energy (eV) 200.18- | 200.15- | 69.66- 69.69- 630.43-  632.16- 630.42- 631.52-
198.59 198.59 68.63 68.62 618.91 620.60 618.92 620.02
A binding energy (eV) 1.59 1.55 1.03 1.07 11.52 11.56 11.52 11.52
Literature A binding 1.6 1.04 11.5
energy (eV)
Intensity (A.U.) 13020- 12889- 8394- 8535- 69456-  27809-  25035-  31668-
16339 16714 10494 10787 86463 24257 26570 35529

4.2.6 Doping with fluoride in LiY5Cl3Br,l

In the final experiment of this project, LiY3Cl3Brsl is doped with fluoride to examine its effect on the
electrochemical stability window. In theory, fluoride should increase the stability window but decrease
the conductivity because fluoride has the smallest ionic radius among the halides.

From Figure 54, the XRD pattern of LiY3FCl3Br is shown exhibiting a structure with low ionic conductivity
after ball milling (BM) for 8.3 hours. Since a very low conductivity is measured, the next composition is
prepared with half the amount of fluoride, resulting in LizYF 5Cl3Bralg 5. Initially, it is subjected to BM
for 8.3 hours and exhibits a crystalline C2/m phase, suggesting that the fluoride structure is not dominant,
with a conductivity of 0.67 mS/cm.
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Upon annealing for 5 minutes at 300°C, the C2/m structure is maintained but appears to be more crys-
tallized, and the conductivity increases significantly to 2.14 mS/cm. However, it is observed that the
oxidation potential does not change significantly, measuring at 3.54 V vs. Li/Li*. This is close to what
has been observed with LiY3Cl3Bry gl 4 (3.531 V).
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Figure 54: (a) X-ray diffraction patterns of LiY3FCl3BrI and LiY3Fy.5Cl3Bralo.5, (b) Linear sweep voltammetry mea-
surement of LiY3Fg.5Cl3Bralg 5.

4.2.7 Conclusion mixed halide electrolytes

Mixed halide electrolytes offer the potential for tunable ionic conductivities and electrochemical stability
window properties due to the distinct characteristics of different halides as displayed in the paper by
van der Maas et al [65]. Additonally, yttrium is the second cheapest metal element that is employed in
all halide electrolytes (YClz with 330 USD/kg) and is more abundant than most other metals employed
with 33 mg/kg in the earth’s crust. Therefore, Li3YCl3Brs_,I, with x=0, 0.2, 0.4, 0.6, 0.8, and 1 has been
investigated.

In this project, the ball milling (BM) time for all samples was kept constant at 8.3 hours. Initially, the
optimal annealing temperature for Li3YCl3Brol was explored, revealing that annealing at 300°C for 5
hours resulted in a conductivity of 3.25 mS/cm. Subsequently, the optimal annealing time was determined
to be 5 minutes at 300°C, resulting in a higher conductivity of 3.55 mS/cm. These optimized conditions
were then applied to the other compositions. The short annealing time may contribute to the removal
of defects or disordered regions within the material, enhancing conductivity. X-ray diffraction (XRD)
measurements indicated a clear crystalline C2/m phase with narrowed peaks for the annealed sample,
suggesting improved crystallinity and reduced defects.

The increase in ionic conductivity with increasing iodide content is substantial after annealing for 5
minutes at 300°C. Li3YCl3Br3, LisYCl3Bro glg 2, LisYCl3Brs gl 4, LisYCls 4Brg.g, Li3YCl3Brs 21 g, and
Li3YCl3Brol exhibited values of 1.94, 1.63, 2.03, 2.43, 2.85, and 3.55 mS/cm, respectively. In contrast, the
change in oxidation potential was less pronounced, decreasing from 3.59 V for x=0 to 3.474 V for x=1. This
suggests that the impact of iodide on conductivity is more significant than its effect on the electrochem-
ical stability window. X-ray photoelectron spectroscopy (XPS) measurements confirmed the presence of
iodide (0) after linear sweep voltammetry (LSV) measurements, indicating that iodide is the first halide to
oxidize. Additionally, cyclic voltammetry (CV) measurements suggested that iodide oxidation creates a
stable product layer, protecting the electrolyte from further oxidation. This could potentially imply that
cycling can be conducted above these potentials.

Finally, with increasing iodide content, lattice expansion has been observed due to the larger ionic radius
of iodide (r;- = 202 pm) being inserted into the crystal compared to bromide (rg,- = 182 pm). This
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expansion increases the bottleneck size, allowing Li-ions to pass through more easily, possibly impacting
activation energy and, consequently, ionic conductivity.
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Final conclusion and rec-
ommendations

Final conclusion

Zr-based oxyhalide (Liz, ZrCl,0,)

For Lig, ZrCl4O, compositions, the structure can be tuned through the duration of mechanical ball
milling. Optimizing the ball milling time is crucial in achieving the most amorphous phase, thereby
optimizing conductivity.

The oxygen (O) content present has a dual impact: it influences the degree of amorphization (with
amorphous structure enhancing conductivity) and the concentration of Li-ions (where higher Li-
ion concentration typically results in a greater number of active Li-ions). This results in a trade-off.
Lower O contents result in complete amorphization, but this is accompanied by a decrease in Li-
ion concentration, which, leads to lower conductivity compared to samples with higher O doping.
Higher O contents lead to increased crystallinity (which is less conductive) but is compensated by
an increase in Li-ion concentration. Additionally, higher O content results in a reduction in the
time required for ball milling to achieve the most amorphous structure. This trade-off leads to the
highest conductivity with LizZrCl4O at room temperature of 1.60 mS/cm after 17.2 effective hours
of ball milling with a coexisting structure of P3m1 and amorphous phases.

The C2/m structure demonstrates poor conductivity, while the P3m1 structure exhibits good con-
ductivity. The amorphous phase, however, stands out as the most conductive. This is the opposite
trend with typical halide electrolytes, where the C2/m phase usually exhibits the highest conduc-
tivity.

The higher conductivity in the amorphous phase is likely due to increased disorder, enabling more
free movement of lithium ions.

With yttrium doping, less ball milling time is required to reach the desired structure and an almost
fully amorphous phase can be formed.

The battery cycling performances are promising, with LisZrCl,O as an electrolyte exhibiting an
initial capacity of 125.6 mAh/g at 0.5C and retaining 67.47% capacity after 1000 cycles.

Mixed halides (Li3YCI3Br3_,.I,)

LigYCl3Brs_,I, electrolyte have shown to posses tunable conductivity and oxidation potential,
making them promising candidates for solid-state battery applications.

Iodide’s larger ionic radius, compared to bromide, increases the lattice parameter and positively
influences conductivity, as seen in Li3YCl3BroI with conductivity of 3.55 mS/cm.

Iodide negatively impacts the oxidation potential, with Li3YCl3Br3 at 3.59 V vs Li/Li™ compared to
3.474 V for LigYClgBI‘QI.
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Iodide is the first halide element that oxidizes upon cycling.

Li3YCl3BrsI forms a stable product layer upon cycling, potentially allowing the battery to be cycled
beyond its oxidation potential.

Recommendations

Zr-based oxyhalide (Li2, ZrC1,0,)

Improve Zr-based oxyhalide properties by exploring iron (Fe>*) doping, higher yttrium (Y>*) dop-
ing concentrations with prolonged ball milling, and tantalum (Ta®*+) doping to enhance amorphiza-
tion and conductivity.

Conduct analysis using transmission electron microscopy (TEM) to better understand morphology,
grain boundaries and microstructures and nuclear magnetic resonance (NMR) to better comprehend
local atomic structure of amorphous materials.

Investigate the electrolyte’s compressibility at various ball milling durations.

Perform XPS analysis on Liy, ZrCl4O, samples before and after LSV to confirm the oxygen oxida-
tion.

Examine the battery’s performance under various cycling rates to gain insights into its behavior.
Mixed halides (Li3YCl3Brs_,I,)

Conduct density functional theory (DFT) to gain insight into the electronic structure, energetics,
and atomic interactions of the material.

Utilize NMR to better comprehend the local atomic structure of annealed samples.
Improve conductivity through optimizing the ball milling duration.

Assemble a battery utilizing LisYCI3BroI or LigYFy 5ClsBralg 5 as the electrolyte and a sulfur or
NMC coated cathode to investigate the cycling limits and performance characteristics.
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Appendix

6.1 Appendix A - Background
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Figure A.1: (a) Abundance of metals in the earth’s crust [80] and (b) abundance of elements in earth’s crust relevant
for chloride based electrolytes [26].

structure ionic conductivity (mS cm™) specific density (g cm™)  concentration of Li or Na (mol L™")
Halides  trigonal, P3m1 051 243 22.61
monoclinic, C2/m 1.54 271 23.34
monaoclinic, C2/m 3.02 22 23.70
Li,Sc, 5Cly cubic, Fd3m L5 2.19 23.59
HT-Li,ZrCl, monoclinic, C2/m 0.005 2.53 1592
BM-Li,ZrCl, trigonal, P3m1 0.51 2.57 16.17
Na,ZrClg trigonal, P3m1 0.018 243 13.89
Na,, Zr, Er,Cl, monodlinic, P2,/n 0.0$ 243-297 13.89-19.85
Li,YbCly trigonal, P3m1 0.1 3.14 23.17
orthorhombic, Prma 0.1 312 23.02
monaclinic, C2/m 17 3.63 1848
LLIA[CLF], monoclinic, C2/m 0.51 258 23.32
Li,Sc, 5 In,Cl, cubic, Fd3m 2 22 23.59
Liy,, Zr,.Fe,Clg trigonal, P3m1 0.98 - -
Li,, Zr, In Clg monoclinic, C2/m 0.005-2 2.53-2.71 15.92-2334
Liy.,Yb,.Zr,Clg orthorhombic, Pnma 11 - -
*LiCl-GaF, - 37 - -
LiAlF amorphous 0.001 - -
Lig sPS; Cli g i cubic, F33m 9.4 1.88 3878
Li,(GeP,S,, tetragonal, P42/nmc 10 2.08 35.33
TLiLazr0n Oxides cubic, la3d 0.1-0.4 5.15 4293
Lags;Lig2sTiO; tetragonal, P4/mmm 0.02 5.14 10.22
LiTi,(PO,); trigonal, R3¢ 0.1 2.93 9.97

Figure A.2: Properties of solid halide electrolytes compared with sulfide and oxide electrolytes [27].
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Figure A.3: Interstitialcy mechanism of diffusion [33].
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Figure A.4: Illustration of the full width at half-maximum of a diffraction peak (FWHM).

6.2 Appendix B - Oxyhalides electrolyte
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Figure B.1: X-ray diffraction of pure Li»O.
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Figure B.2: (left) X-ray diffraction measurements and (right) conductivity measurements of Lig.5ZrCl4Og.25 ball
milling for different durations.
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Figure B.3: (left) X-ray diffraction measurements and (right) conductivity measurements of LiZrCl4Oy.5 ball milling
for different durations.
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Figure B.4: (left) X-ray diffraction measurements and (right) conductivity measurements of LiZrCl4Oy.5 ball milling
for different durations.
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Figure B.5: (left) X-ray diffraction measurements and (right) conductivity measurements of Li»ZrCl4O ball milling
for different durations.
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Figure B.6: (left) X-ray diffraction measurement and (right) EIS measurement of ball milled Li» ZrCl4O for 2.3 hours.
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Figure B.7: Refinement results from GSAS II software of Si-Li» ZrCl4O (2-8) with (a) 7.5h of BM, (b) 10.8h of BM, (c)
18.3h of BM and (d) 26.6h of BM.
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Figure B.8: Additional SEM results for synthesized LioZrCl4O at different structural phases.
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Figure B.9: (left) X-ray diffraction measurements of X-ray diffraction results of LiZrCl4Og.5 with different ball
milling durations and batches, and (right) the resulting conductivity measurements of the different LiZrCl4Og.5 ball
milled batches.
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Figure B.10: X-ray diffraction measurements of ball milled Li>ZrCl4O for different durations.
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Figure B.11: (top left) X-ray diffraction (XRD) results of Li» ZrCl4 O at different ball milling durations with Jar 1, (top
right) XRD results of LiaZrCl4O at different ball milling durations with Jar 2, and (bottom) resulting conductvities of
Jar 1 and Jar 2.
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Figure B.13: (left) X-ray diffraction measurements and (right) EIS measurement of ball milled Na>ZrCl4O for differ-

ent 8.3 hours.

Figure B.14: X-ray diffraction measurements of ball milled Li>ZrCl4O; for 8.3h and 16.5h with its respective con-

ductivity.
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Figure B.15: X-ray diffraction measurements of ball milled Li;.6Zro.6Vo.4Cl4O for 8.3h with its conductivity.

6.3 Appendix C - Mixed halides electrolyte

Table 7: Lattice parameters and volume of 8.3h ball milled and annealed at 300 °C for 5 minutes of LizYCl3Brs_ 1,

Intensity (A.U.)

Li, ¢Zry 4V, C1,0

BM-8.3h

6=0.161 mS/cm

10 20

30

40 50
20 (degrees)

60

with x=0, 0.2, 0.4, 0.6, 0.8 and 1. These are obtained with GSAS II software.

70 80

Li3YCLBrs. I, a(Ad) Volume (A3)
x=0 6.731 11.688 6.694 496.687
x=0.2 6.752 11.699 6.746 502.253
x=0.4 6.773 11.760 6.763 508.237
x=0.6 6.775 11.741 6.732 504.376
x=0.8 6.808 11.779 6.787 514.074
x=1 6.582 11.815 6.836 521.416
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