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Abstract

The aim of my project at the Storage of Electrochemical Energy section of the TU Delft is to
improve the performance and uncover the electrolytic hurdles of the widely used Na-beta”-
alumina solid electrolyte within Sodium semi solid-state batteries at Room Temperature.
Na-beta”-alumina could be an interesting candidate to replace volatile and flammable
organic electrolytes, seeing as it is not flammable and made of abundant elements. It would
be a safer, with potential for mass-production due to the abundancy and low costs of the
required materials.

However, to make working electrolyte pellets, high sintering temperatures are needed for a
high density. The material would be a lot more interesting if it could be used without such
high sintering temperatures and reasonable conductivity at room temperature.

The aim of this thesis is to investigate whether the point-contact problem is solid-state
electrolytes can be circumvented by varying the solid electrolyte particle size in combination
with liquid addition and various potential concepts.

Regarding our conclusions, we can affirm that the mechanically pressed BASE electrolyte
pellet concept performs worse than the slurry electrolyte concept. This is related to the
improved slurry contact, as well as the increased point contacts for the pellet in combination
with a suspected lower ionic liquid coverage.

We can also conclude that the electrolyte resistance is lowered with organic electrolyte or
ionic liquid addition.

The evidence space-charge of has yet to be demonstrated for our components, as smaller
particles resulted in lower conductivity and capacitance, regardless of the various series and
concepts experimented with.

Finally, the Na* diffusion was better for bigger particles for all three liquid additions.
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1. Introduction

In order to understand the subject of this thesis, the macroeconomic challenges with respect
to energy consumption are put into perspective. This will illustrate how battery research is
important and needs to be pursued in order to facilitate a sustainable energy transition. At
the end of this introductory chapter, I will summarise the aims of my project.

1.1 Energy Demand

Three centuries ago, the western world experienced the first evolution towards an
industrialized world, known as the 1* industrial revolution. This marked a transition towards
machinery production instead of manual labour, accompanied by technological
breakthroughs such as steam powered transportation. The second industrial transition 150
years ago sparked the global use of fossil fuels such as coal and oil, contributing to the fast
development of textile, automotive and chemical industry. A neglected consequence of fossil
fuels was the accompanying environmental and health issues. Even in recent years, lung
damage was attributed to the usage of coal in Chinese power plants, resulting in Beijing air
being so polluted. A frightening estimation of the damage to lungs was made. The pollution
in the Chinese capital is as damaging to lungs as smoking 40 cigarettes a day, resulting in
pollution killing 4000 people daily in China [1].

One would think that such a health and environmental hazard would be regulated. The
Kyoto protocol followed by the Paris Agreement were meant to decrease greenhouse gasses
such as CO,, but is proving to be challenging to enforce.

Industrial developments have transformed the world, but also call for an ever-increasing
demand in cheap and convenient energy source, a role that has been filled by coal, oil and
natural gas for two centuries.

in Data

Global primary energy consumption, 1800-2015 Our Word oy lation growth, 1750-2100

growth rate of the world population
ation

red in terrawati-hours (TWh).
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Figure 1. Global primary energy consumption (left) and world population growth (right), including
future projections [2]

Besides industrial and technological advances, the energy demand is also fuelled by
population growth, estimated to reach 10billion before 2080. The relation between energy
demand and population growth is shown in Figure 1. Based on all these facts, the world is
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compelled to look towards more sustainable solutions to alleviate the increasing energy
demand and growing world population. [3].

1.2 Sustainable Energy

The increasing energy consumption paired with population growth and dependence on fossil
fuels have forced the inevitable depletion of the Earth’s fossil fuel reserves. In order to curb
the greenhouse gas emissions from fuel combustion that are projected to affect our daily lives
(increasing temperatures, rising sea-levels, extreme weather), [4] and the eventual depletion
of fossil fuels with increasing fossil fuel price and demand [5], an alternative to a fossil fuel
economy must be put in place to guarantee a continuous energy supply.

Fortunately, there are plenty of options for harnessing energy in a sustainable manner.
Environmentally responsible alternative sources such as solar power, wind power, hydro
power, biofuels and nuclear (controversial due to inherent risk) are necessary, combined
with grid stabilisation to compensate for fluctuations. Countries are already starting to
implement new sustainable policies [6], where the E.U are making progress concerning this
transition. Complementary to these policies is the rapidly decreasing price of renewable
energies, even with prices competing with electricity produced from fossil fuels [7]. The
remaining drawback of these renewable technologies, is the intermittence of power
generation. Energy storage will play a key role in saving and distributing the produced
energy. Large scale energy storage needs to be integrated into the grid, providing balance for
production and consumer loads in the grid, and will be essential in applications for
transportation methods.

1.3 Energy Storage

Seeing as fossil fuels are depleting and renewable energy technologies are increasing,
research towards electricity storage becomes more necessary. Even though the storage
method depends on the application, an emphasis has been made on secondary batteries due
to the increasing number of laptops, mobile phones, but also the emergence of affordable
electric cars [8].

The transportation sector is almost entirely dominated by fossil fuel, thus highly dependent
on the fluctuating market price. Nevertheless, electric cars have recently begun making their
mark, being competitive especially for short distance applications. Battery electric vehicles
and hydrogen powered fuel cell electric vehicles are the prominent options. These cars do
not consume fossil fuels, but the efficiency and performance of the energy storage method is
a limiting factor. Battery electric vehicles are gaining in popularity due to problems finding
adequate hydrogen storage [9]. And even for trucks doing long distance transport, the
electrical option is becoming more viable [10].

In the long run, both of these types of electric vehicles are likely to play a big role in ending
the dependence of land transportation on fossil fuels [11].
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Needless to say, that with the increase in electric devices in our daily lives, the necessity for
large-scale, cheap and abundant energy storage materials and technology becomes
paramount.

A widely studied solid electrolyte in the past is Na-beta”’-alumina, Na- 3"-Al,O;. This ceramic
material has many advantages including being solid and is non-flammable compared to
conventional organic electrolytes. It is also multifunctional, as batteries with a solid
electrolyte would not need an additional separator. Na- 3"-Al,O; has been successfully
implemented in a Na-sulphur battery, but functioning around 350 °C. This made it a decent
candidate for grid-scale applications, but harder to implement in daily electronic devices.
Being a ceramic material, Na- $"-Al.O;solid electrolyte also presents risks concerning
transportation applications, as shocks could result in fractures of the ceramic electrolyte
pellet and provoke cell failure. Alternatives for commercialization have been Na-MH,
metallic hydrides that operate at a slightly lower temperature (280°C), safer and a higher
output voltage.

It was found that lowering the operating temperature of batteries prolonged their life-cycle
and stability, retaining their capacity by slowing down material degradation, typical of high
temperature energy storage. Lowering the temperature also allows for other sealing materials
that do not have to be subjected to such high temperatures, reducing manufacturing costs.
By aiming towards a Room temperature solution with solid-state materials for energy
storage, we can strive towards a potentially better solution for large scale energy storage.

1.4 Objective of the thesis

The approach of this research is to gain understanding of the performances and hurdles of a
solid-state electrolyte for large scale and cheap sodium-based energy storage, focussing on
Room Temperature applications. The subject of this research is the widely used Na-beta”-
alumina solid electrolyte, focussing on applications in Sodium semi solid-state batteries.
Na-beta”-alumina could be an interesting candidate due to the abundancy and low costs of
the required materials. However, to make working electrolyte pellets, high sintering
temperatures are needed. When sintering for 4h at 1600 °C, dense pellet with a conductivity
of the 10 S/cm order can be achieved at room temperature.

The material would be a lot more interesting if it could be used without such high sintering
temperatures and reasonable conductivity at room temperature. Common strategies of
improving room temperature conductivity are stabilizing a higher conductivity phase or
doping the material. However, the main problem in the conductivity of Na-beta”-alumina
arises from bad contact between the grains, hence the importance of the thermal treatment
and the densification of the pellet. The same problem can arise at the solid-solid interface of
the electrolyte and the electrode.

The aim of this thesis is to investigate whether the point-contact problem can be
circumvented by varying the solid electrolyte particle size in combination with liquid
addition, while keeping the main conduction path through the solid electrolyte. The idea is
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to use a liquid with a different chemical potential for sodium, so that a space charge layer
may form at the interface between the solid and the liquid. This can lead to seemingly larger
contact area and therewith lower grain boundary resistance.

If this is the case, one would expect an improvement in the electrochemical properties of the
system, which can be measured with impedance spectroscopy. By modelling the
electrochemical interactions based on their various time constants, the electrical properties
can be derived based on this model. This would provide valuable information concerning the
interactions in the system.

By studying the variation in particle size combined with various liquid additions, conclusions
can be drawn regarding contact issues, interfacial and grain boundary issues for the different
hybrid liquid/solid electrolyte concepts.

After an introduction illustrating the reason for this research in Chapter 1, Chapter 2 gives
knowledge regarding electrochemical energy storage and the specific choices made for
materials. Chapter 3 introduces the tools necessary for our electrochemical characterization,
defining the crystal structures as well as electrochemical properties. Chapter 4 refers to the
preparation methods used before assembling the components of the battery and Chapter 5 is
a synthesis of the results, highlighting the challenges during this project as well as shedding
light upon the electrochemical hurdles in our batteries, which leads us to the outcome of this
study.
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2. Battery Theory

The Battery theory chapter introduces all the concepts relating to batteries, ranging from the
general concepts relating to electrochemical storage, the various components comprising
batteries, but also a comparative of the Lithium vs Sodium batteries, as they are both highly
relevant and present various interesting aspects

2.1 General concepts of electrochemistry

Batteries are electrochemical systems able to store electrical energy in chemical compounds,
reversibly converting chemical energy into electrical. Battery theory is based on harnessing
redox reactions to shift the thermodynamic equilibrium within the system driven by a
difference in the Gibbs free energy, thus storing energy. Reduction-oxidation reactions are
the building block of electrochemistry, where oxidation essentially means increasing the
oxidation state of a species (losing one or more electrons), while reduction decreases the
oxidation state (gaining electrons). This reaction is reversible, giving electrochemical cells
(commonly known as batteries) the ability to be rechargeable.

Electrochemical cells are composed of two electrodes and an electrolyte separating them.
One advantage of using a solid-state electrolyte is that an additional separator membrane
necessary for conventional batteries (using liquid electrolytes) is no longer required. The
electrodes serve as the positive and negative pole of the battery, providing electrons to power
external devices; while the electrolyte separating them needs to vehicle only the ions,
resisting electron transport since conducting electrons as well would result in a short-
circuited, depleted battery. The electrodes are composed of an active material on a current
collector, allowing ions to be inserted or extracted. The large variety of electrodes will be
covered more in depth later in the chapter. Commonly, the electrolyte is liquid, requiring a
porous membrane to avoid direct contact between the two electrodes, which would result in
short-circuit. But common organic liquid electrolytes present problems relating to practical
and safety issues. Inversely, solid electrolytes such as ceramic or polymer electrolytes, do not
require additional separation [12].
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Figure 2. Overview of the components relating to Sodium batteries [13]

The positive and negative electrode, respectively cathode and anode, are usually composed of
an active material (allowing active particle insertion and extraction), a conductive agent
(conducting electrons to the current collectors) and binder (adhering the particles together
as a thin film) [14], a composite which needs to be electrochemically performant and
mechanically resistant to prevent deterioration during battery cycling. These are all
summarized in Figure 2.

During discharge, the cathode is where the electrons reduce the material (accepting
electrons), while the anode is where the oxidation takes place (providing electrons).
Interestingly, in a charging battery (absorbing energy of charge), the cathode side is
considered negative, as electrons flow out to receive charge.

The difference in potential between the two electrodes (cathode and anode) determines the
driving force within the battery. Thus, the cell has a potential Eceil = Ecathode-Eanode Which,
when connected through an external circuit, makes electrons flows from the more negative
to the more positive potential, allowing to power external electric devices. The electron flow
outside the cell is compensated by an ionic flow through the electrolyte inside the cell, which
maintains the charge balance of the system.

This driving force translates into the release of Gibbs free energy (Eq.1) [14], allowing the
system to move to a more thermodynamically stable state.

AG = —nFEceu (Eq 1)

With AG as the difference in Gibbs free energy, n the number of electrons transferred, F
being Faraday’s constant, and Ec.i the electrochemical potential covered earlier.
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By combining the amount of released energy and the number of charged ions released per
mass, the specific capacity can be derived from this equation. This is the amount of charge
that can be extracted (per unit of volume or mass of active material) from the battery at a
specific rate of charge, named C-rate. A C-rate of C/10 means the insertion of 1 mole of ions
per 10 hours. The energy extracted from the battery also depends on the C-rate. This capacity
depends on the kinetics (insertion/extraction) taking place within the active material,
therefore discharging the battery at a higher rate will yield a lower specific capacity. The
kinetics of an active material can thus be characterized, which is especially interesting when
researching solutions for fast-charging (electric vehicles for example).

2.1.1 Electrochemical stability

The electrochemical stability of a battery determines in which voltage window the
components of the cell can be cycled without deterioration of the components. A greater
potential window allows for more energy to be transferred. A larger electrode capacity can
also store more energy, but it can also influence the volume expansion within the battery,
like a sponge absorbing water. Inserting particles in a host material gives rise to volume
expansion, which is a reoccurring problem in electrochemical storage. Since cyclability is an
important parameter for an increased lifetime, the composition of various materials within
cells have to present decent mechanical strength and flexibility, as volume expansion can
lead to fissures followed by cell failure. Going outside of the electrochemical window can
result in decomposition or side-reactions that could be a safety hazard, or simply destroy a
material.

2.1.2 Coulombic efficiency

The Coulombic efficiency is one of the important characteristics when evaluating the
performance of an electrochemical cell. This efficiency can be derived from the charge and
discharge capacity of the battery (Eq. 2). It describes the number of electrons transferred in a
system, and should ideally be close to 100%.

__ Qdischarge

ncC (Eq.2)

Qcharge
In a cell with no side-reactions or decomposition, the coulombic efficiency could be defining
for battery performance. Yet this parameter can be misleading, as electrodes undergoing
side-reactions or decomposition can show a decreasing capacity, while coulombic efficiency
remains high due to these side products providing the additional electrons as a result of
continuous oxidation or reduction.

2.2 Lithium vs Sodium for batteries

Sodium and lithium are two largely used elements for ionic transport within batteries.
Sodium-based batteries were intensely studied in the 80’s, but research was refocussed
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towards lithium-based batteries with the commercialization of Sony’s Lithium ion batteries
(LIB) in the 90’s [15]. With the upcoming challenges regarding large scale energy storage, the
attributes of both elements should be considered.

The most common rechargeable battery is the Lithium-ion battery, found in the majority of
mobile electronic devices. A notable attribute of Lithium is that it is the lightest metallic
element, with a low redox potential (E, Li* / Li = -3.04 V versus standard hydrogen
electrode). For electrochemical process, this opens the door to high energy density and high
voltage batteries. Due to its small ionic radius, diffusion through solids is also facilitated, and
allows easier intercalation processes leading to longer cycle life and rate capabilities. Yet a
drawback of Lithium metal is the uneven deposition during cycling resulted in dangerous
dendrite growth [16]. But an alternative for Lithium metal was found, a safer insertion
material: graphite [17]. This was the “rocking chair” concept, as lithium was now getting
transferred between to intercalation electrodes. This concept is still used nowadays,
attractive due to light weight resulting in a high energy density.

These qualities have made LIB’s the dominant energy storage in portable devices and
becoming the prime candidate for electric vehicles. Yet a major drawback of using lithium
metal, is its availability. As if victim of its success, the demand of Lithium is leading to a steep
increase in prices. This is enforced by lithium utilization in the automotive sector, further
pushing the price. Being non-uniformly distributed across the Earth’s crust and located in
geopolitically strained regions [18], the availability of this element will decrease in the future.
An estimate of Lithium consumption shows that the resource can be sustained for another 65
years before depletion at an average growth rate of 5% [19][20], making long-term large-scale
applications for Lithium challenging.

The most prominent alternative to Lithium, is Sodium. Being the 4" most abundant metal on
Earth and its broad distribution [21], sodium derivatives are widely used for various
applications such as household products, basic chemicals, glass containers or cosmetics.
Sodium presents a redox potential only 0.3V higher than for lithium (E, Na*/ Na=-2.1V
versus standard hydrogen electrode). On the periodic table, Na is located right under Li in
the s block, indicating that similar approaches towards material synthesis, intercalation or
conversion chemistry are possible. Novel Sodium ion batteries (SIB’s) can be more efficiently
developed using the same characterization tools as for LIB’s.[22].

A property that has not been addressed yet, is the ionic radius of the two ions. The Na+ ion
size (coordination number 6: 1.02 A) is relatively larger than that of Li*. (coordination
number 6: 0.76 A). Having a larger size, thermodynamic and kinetic processes differ for Na*
compared to Li*. This results in different reaction mechanisms and electrochemical
performances relative to LIB’s. A larger ion requires a greater intercalation space or more
energy input than a smaller one to integrate a host structure.

An overview of the commercial and electrochemical characteristics of the two elements is
given, highlighting the differences of the materials for large scale applications. Lithium’s raw
compound present in the Earth’s crust is Li.CO;, while Sodium is mostly extracted from soda
ash Na,CO;.
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Table 1. Comparative overview of the available resources for Lithium vs Sodium [23]

Property Lithium (Li2CO3) Sodium (Na2CO3)
World Production 37 [23] 52,000 [23]
(thousands of metric

tons)

World reserves 13,000 [23] 24,000,000 [23]
(thousands of metric

tons)

World resources 39,500 [23] >50,000,000 [23]
(thousands of metric

tons)

Price 4500 [23] 155 [23]

($ton-1)

Theoretical capacity 3829 [24] 165 [25]

(Metal)

(mAhg-)

Electrochemical ) 0.3 [25]
Potential E, (V vs.

Li+/Li°)

Ionic Radius 0.76 A o2 A

Weight 6.9 g/mol 23 g/mol

Aside from the element abundance, the electrochemical properties from Sodium do not
appear competitive, where SIB’s will always have a lower energy density than their LIB
counterparts. Na ions are 30% bigger and roughly three times heavier. Despite this, the mass
of Li and Na cycling the battery is negligible compared to the host structures of the
electrodes, resulting in a less consequential impact than originally anticipated. [26]. SIB’s are
also more stable even though Na metal are more reactive than Li [27]

Lastly, ionic diffusion was thought to be an issue considering the larger size of Na*, yet Ceder
et al reported both experimental and computational studies showing that
extraction/insertion of Na* into Na-containing materials was faster than its Li counterpart
[13]. This is declared by the lower Lewis acidity and interaction enthalpy of Na*. Interactions
of the Na* ions are weaker than for Li*. Inversely, inserting Na* in a material not containing
sodium will be harder than for Li*.

After analysing the different properties of LIB’s and SIB’s, Ong et al. [28] drew interesting
conclusions concerning the materials used to operate both cells. Aluminium can be used as
current collector against Na metal for the sodium batteries, unlike their lithium counterpart
which would corrode. Below a potential of 0.1 V vs. Li/Li*, aluminium undergoes an alloying
reaction with lithium, so it cannot be used as current collector in LIB’s. This is not the case
for sodium, so using aluminium as current collector is cost effective and beneficial for SIB’s,
as opposed to having to use copper in LIB’s. Yet when assembling batteries, the issues remain
very similar, such as cathode, anode, electrolyte and interface challenges. To conclude, SIB’s
represent the more viable option for large scale, low cost, efficient energy storage to support
the sustainable energy transition.
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2.3 Sodium lon Battery Electrodes

2.3.1 Anode

Since the development advances of LIBs have been more advanced the last few years,
parallels have been drawn, matching the sodium counterparts. Similarly to using lithium
metal as anode for LIBs, safety issues have been observed when using sodium metal as anode.
This is of concern for large scale production and operation of SIBs due to a rather low
melting point of 98 °C of sodium metal [29]. As previously stated, the main characteristic
that electrode active materials should have, is the ability to insert or extract alkali ions
through intercalation or conversion reactions. For metal anodes, the process is plating and
not intercalation or conversion. Advances in LIB technology inspired Sodium anode research,
starting with graphite. With a high capacity of 372 mAhg-1, high stability and a low potential
(<01 Vvs. Li*/Li°), [30], graphite seemed like a good alternative. At the time, organic
electrolytes were widely used and Ethylene Carbonate (EC) decomposes on the carbon-based
anode, forming a solid electrolyte interphase (SEI) [31] [32] Yet Sodium insertion in graphite
is not efficient due to thermodynamic differences [33], largely explained by the larger
ionic size of Na ions. Organic liquid electrolytes in combination with Hard Carbon
were successfully reported by Prof. Dahn’s group [34][35], also showing good
reversibility. Hard carbon differs with graphite in its structure. Randomly stacked
graphene sheets with nanopores allowed Na ions to intercalate from all angles. A
theoretical capacity of 300mAhg-1 [36] was reported using pyrolysis as synthesis
method with sugar. With a low insertion potential (ca. 0.005 V vs. Na*/Na°) [37] [38]
[39], Hard Carbon or nanoporous carbon present a viable option for high energy
density SIB cells using a high potential cathode material. The main drawback of this
anode material is that using a high current in such a cell would force Na plating,
possibly making the cell unstable and unsuitable for fast charging applications.

Different alloying metals can be considered as anode materials, such as Silicon, Antimony or
Tin. The main issues related to these alloying materials, is due to volume change. Upon full
alkali ion insertion, the active material expands greatly [40] , resulting in mechanical strain
and loss of mechanical integrity, thus reduced cyclability. The binder compound plays an
important role here. Compensating the volume variations during cycling using an
appropriate binder can alleviate the mechanical strains and improve cycling efficiency for the
electrode. Typically, Polyvinylidene fluoride (PVDF) has been used as electrode binder, but
recently Carboxyl methyl cellulose (CMC) has shown better performance retention [41] [42],
and cheaper. On top of this, CMC is also better for the environment since it does not need
NMP (N-methylpyrrolidone) solution to dissolve. Yet CMC dissolves in water, and water is
not a welcome component is our batteries, as it reacts with the other compounds present.
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2.3.2 Cathode

Aside from anode research for SIBs, cathode materials have been studied extensively
[431[44][45]

The cathode is composed of the active material which is going to allow ions to reversibly
insert into the active material framework of the cathode, a conductive material for improved
electronic conductivity allowing electrons to travel inside the cathode to/from the current
collector for electro-neutrality, and finally a binder is usually required to maintain the active
material and conductive material in place, coping with the volume change upon cycling,
providing additional mechanical strength to preserve the electrode intactness and contact.
The additional conductive material is necessary since the active materials used are usually
semiconductors or insulators, where carbon black or acetylene black are often used.

Binder materials are usually polymers such as polytetrafluoroethylene (PTFE) or
polyvinylidene fluoride (PVDF), while Carboxyl methyl cellulose (CMC) was reported to
show increased cyclability compared to the standard PVDF through improved mechanical
integrity during cycling and better capacity retention.[46]

The cathode side of the battery serves to take in the Na ions from the anode during battery
discharge, through insertion mechanisms such as conversion or intercalation. The active
material needs to be able to accept and release an alkali ion in order to have optimal
performance, meaning high cyclability and energy transport efficiency. Otherwise, energy is
lost in the process. Evidently, the material requires high capacity and mechanical and
chemical endurance in order to repeat the charge/discharge process with numerous ion
insertions. The cathode material usually has Na in its composition, providing the
electrochemical cell with Na* charge carriers. This implies that the cell is usually assembled
in a discharged state (cathode being “full” of intercalated Na ions), which are then extracted
from the cathode at a potential above the resting potential, which translates to charging the
battery. An important characteristic of sodiated transition metals (cathode full of
intercalated sodium ions for example) can be extremely hygroscopic. This means assembly of
the battery needs to be done meticulously and moisture-free, especially when surface
contacts are so important. Dry conditions are often required when synthesizing, handling
and assembling sodiated compounds, as hydration of the sodiated surface can lead to NaOH
formation, a compound with insulating properties when used as a solid, impeding the
electrode conductivity and performance.

The active materials used need to show minimal structural change during insertion to
provide increased reversibility for cycle life. But change in the volume, structure and bond-
strength of the material is bound to happen, especially since Na* has a relatively larger size
than Li* (1.02 A for Na* ion against 0.76 A for Li* ion), while both have a Coordination
Number of 6. Evidently, the larger ionic size also implies a larger insertion energy, slower
diffusion kinetics and higher charge transfer resistance for Na* against Li*, which can be
verified through Density Functional Theory calculations. [47]
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These cathode materials can be categorized into 2D and 3D intercalation materials, divided
between various sodium oxides NaTMO2, polyanions such as fluorosulfates or phosphates,
NASICON and organic compounds. Organic compounds generally receive less attention due
to the success of their inorganic counterparts. An overview of the various components and
advances in these materials can be seen in Figure 3.
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Figure 3. Overview of the advances in prominent cathode, anode, electrolyte and binder materials [13]

2.3.2.1 Layered oxides

Concerning cathode active materials, many similarities can be found concerning layered
oxides as active materials for electrochemical cells. With interchangeable transition metals,
NaxTMOz share many properties and synthesis methods with their Lithium counterparts.
With growing interest in Sodium materials recently, this facilitates further research into the
Sodium layered oxides. Looking at the diffusion barrier and mechanical strength for Na and
Li ions in cobalt oxides, Ceder et.al. showed that Sodium ions are actually favourable to
Lithium due to weaker bonds formed between Sodium and oxygen compared to Lithium
with oxygen, as well as formation energy for Li.O being higher than for Na,O, despite the
same crystal [48]

These two-dimensional materials are composed of stacks of octahedral MO6 crystal
structures with Na that can be inserted into the interlayers. Two main types of structure can
be distinguished based on coordination with inserted ion, as per the notation of Delmas et.al.
[49]. The prismatic and octahedral coordination, and particularly P2 and O3, have shown
promising electrochemical properties for Na insertion materials. Despite showing relatively
high capacity of 200mAh/g [50], P2-type crystal structure does not remain stable above a 2/3
Na insertion, limiting the capacity. [51]
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2.3.2.2 Moisture-free layered oxide

Since Sodium and sodiated transition metals are often hygroscopic, side reactions are not
easily prevented. But substituting transition metals in layered sodium oxides reveals
remarkable properties. Lu and Dahn et.al. reported P2-Na,;[Ni,;sMn.;;]O,, a compound stable
in moist air, where hydration does not occur [52],[53] All similar compounds containing Na
and Mn are relatively cost-effective due to their abundance, and their stability in air makes
them candidates for large scale applications. P2-Na,;[Ni,;sMn,/;]O., shows an average
potential of 3.5V with a theoretical capacity of 173 mAh/g, provided by the Ni**/4* redox
reaction in the voltage range of 2-4.5V. In situ XRD revealed that the P2-Oz2 phase transition
at the 4.2V plateau results from the oxygen shift in the crystal layers [54], a transition which
is not observed in similar Manganese-based oxides such as P2-Na,s;MnO,, where the Jahn-
Teller distortion Mn3* prevents the P2-Oz transition. This also indicates that substituting
transition metals allows fine tuning of the desired properties for battery active materials. The
transition from P2 to O2 phase at 4.2V is accompanied by a large volume change, therefore
diminishing the cyclability. This phase transition is not desirable and is ideally prevented
from occurring. The different phases P2 and Oz can be observed in Figure 4.

Besides the large volume change, the octahedral and prismatic phases have different
conductivities, related to their diffusion energies. For the octahedral phase O2, Na* ions have
to cross the tetrahedron between two octahedral sites using a vacancy mechanism [55],
requiring an energy of 2gomeV. For the prismatic phase P2, the Na* ions can diffuse through
the shared faces of Na prismatic sites, requiring only 1r70meV. Naturally, the mechanism
requiring lowest diffusion energy shows faster Na* mobility. This is validated by a larger
diffusion path in P2 phase compared to Oz, leading to lower activation barrier. Cycling this
cathode material in a voltage window preventing phase transformation to O2 above 4.2V
(2.3V-4.1V) indicates excellent cycling behaviour, even though capacity is lower.
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Figure 4. Charge and discharge curves of P2-Na./;[NiysMn./]O: [52], in which the inset represents the
ionic diffusion paths in P2 crystal structure (left) and Oz (right), illustrating why P2 diffusion path is
favourable [54]
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As mentioned before, substituting transition metals can change crystal properties, such as
preventing phase transformation or diminish side-reactions. Using Mg** and Zn** instead of
Ni is effective for diluting the effect of the above-mentioned P2-O2 phase
transition.[56][57][58]

Capacity drop after the first cycle can often be declared through electro-active species (in this
case Ni**) being reduced to compensate for Na* extraction. Substituting Ni by Mg in
Na,;[Ni,;sMn,;5]O, results in a reduction in capacity drop in Nag.¢;[Nis.Mgo.Mn,,]O, of only
6mAh/g after 50 cycles. [56]
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Figure 5. (a) Charge and discharge curves of P2-Nao.6;[Mgo.iNio..Mno;]O-
(b) in situ powder X-ray diffraction of P2-Nao.6;[Mgo.Nio..Mno;]O- showing the reversible evolution of
P2-OP4 phase transition at the end of the charge and beginning of the discharge. [56]

In trying to uncover the reason for this, in situ XRD identified OP4, a new phase above 4.2V
(instead of transitioning directly to Oz2). This is illustrated in Figure 5. Using Mg*" in the
transition metal layers (Mg being electrochemically inactive) provides stabilization of the
overall charge balance in the crystal. Extraction of Na+ from the host structure in the
prismatic sites is then less straining for the structure, as the ions are not taken from the host
structure but assisted by the introduced Mg** in transition layers. This substitution
suppresses the Na*/vacancy ordering and P2-Oz2 transition, leaving P2 as major phase and
generating the highly reversible OP4 as minor phase at high voltage when the material is
deeply desodiated. [52]

2.3.2.3 3D polyanionic structure

Aside from layered 2D structures, 3D polyanionic structures are also investigated, as their
framework is well suited for particle insertion [59]. Having an open framework facilitates
insertion and extraction of Na+ ions in the crystal structure. Diffusing in x,y and z directions
allows fast migration of ions within the crystal, especially relative to two-dimensional
compounds such as layered oxides. Considering that Na+ has a larger ionic size than Li+, it is
also required for the 3D structures to be sufficiently rigid or be designed with larger
pathways. Polyanion compounds are also favourable to oxides when addressing thermal
stability, attributed to the presence of the covalent Phosphate-Oxygen bonds in the crystal
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structure [60]. The same covalent bond suppresses oxygen evolution when batteries are
operated above 200 °C [61]

Similarly to many layered oxide compounds, polyanionic systems suffer from moisture
absorption resulting in NaOH formation. As explained previously, this compound impedes
conductivity, unfavourable for battery usage. In order to prevent caustic soda formation,
great care in moisture free synthesis and assembly needs to be taken.

2.3.2.4 NASICON (vanadium based)

Finally, NASICON (Na Super Ionic CONductor) structure NaxV2(PO4)3 is a vanadium based
material exhibiting high electrochemical performance. Originally synthesised by Delmas
et.al. [62], this compound can fulfil the roles of both cathode and electrolyte material. The
3D framework was originally thought to be of use as a solid electrolyte due to it high Na+
ionic conductivity [63] [64], yet incorporating transition metals in the structure allows the
compound to be used as electrode. Modifying the surface of Na;V,(PO,); with carbons
resulted in improved capacity at both sides of the electrochemical window.

NASICON shows two plateaus at 1.6V and 3.4V vs Na*/Na®, respectively reflecting the V3*/V>*
and V#*/V3* redox reactions.

Prolonged cyclability and a capacity of 17 mAh/g have been reported [65]

Concerning moisture sensitivity, NASICON itself is not sensitive to moisture, but its
precursors need to be carefully dried before synthesis in order not to interfere with the
reactions [66]

2.4 Electrolytes

Whether concerning LIBs or SIBs, the electrolyte inside a battery has an essential role. The
electrolyte facilitates cationic transport between the two electrodes during cycling of the
battery. Important features inherent to satisfactory electrolytes are chemical and
electrochemical stability, thermal stability, a high ionic conductivity (above 1 mS/cm for
ionic transport and satisfactory rate capability) combined with electronic insulation and low
production costs and toxicity.[67] [68] High performance batteries require a suitable
electrolyte, as this compound also needs to protect both anode and cathode, possibly
forming a solid electrolyte interface (SEI).

An appropriate electrolyte also shows minimal interface reaction as well as high performance
and inherent safety. This is rather central in today’s society seeing as battery combustion has
been in the news recently. Compared to electrodes and LIBs in general, research concerning
SIB electrolytes is rather scarce. [69.] This makes research towards performant SIB
electrolytes important seeing as large-scale SIB production is predicted to take over LIBs due
to sodium cost-effectiveness and geographical distribution. [70]
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Various electrolytes have been developed over the years, varying from liquid organic
electrolyte solutions, polymer electrolytes, inorganic or ceramic electrolytes and ionic liquids
with salt additives. [71]

The conduction mechanism can be described by different equations, depending on the
substance and measured parameter. Since the activation energy is relevant for ionic transfer
in battery systems [72] [73], the Arrhenius equation (Eq. 3) describes conductivity as:

Eq
0 = 0gexp (——"7) (Eq.3)

Where o, is the ideal conductivity for infinite T (also called pre-exponential factor), E, is the
activation energy, kg the Boltzmann constant, and T the temperature.

Keeping in mind that this study has been done for Room Temperature applications, the
Arrhenius equation also illustrates that conductivity is lower at Room Temperature than for
more performant batteries operating at higher temperatures, making high conductivity
electrolytes more challenging.

Experimentally, the electrochemical cell does not only take into account the various chemical
compounds and interactions, but also morphology (contact points showing high resistivity vs
smooth contacts where ionic and electronic flow is facilitated) and distance between the
electrodes (longer distance to travel is more energy costly than a shorter distance). To this
end, the conductivity in batteries can also be described on a macroscopic scale. The
resistance (Eq. 4) in inversely proportional to the conductivity, and can be written as:

_ b
R=— (Eq. 4)

Where the resistance R is expressed as the distance between the two electrodes [, the
resistivity p and the cross-sectional area of the sample A. It is interesting to note that the first
hurdle of solid-state batteries is illustrated in this formula. Using solid ceramic particles for
example, contact between particles is minimal (unless further processed by sintering at high
temperatures or mechanical pressing for example). Point contacts result in conductivity
much worse than initially reported for bulk conductivities.

The conductivity, o is the reciprocal of the resistivity (Eq. 5).

c=1/p = C/R (Eq.5)
2.4.1 Organic Solvent based Electrolytes
For organic liquid electrolytes in SIBs, the idea is to dissolve a sodium salt in one or a mixture
of organic solvents. Organic solvents are used due to their large dielectric constant (g)

allowing easy dissolution of Na salt and larger Na* ion concentration in the solution [74]. An
overview of the most popular organic solvents is shown in Illustration 1.
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In order to optimize the conductivity of the solution, the dissolution of the sodium salt (the
degree of ionic dissociation), and thus the interaction strength between cation and anion
must be carefully studied. Simply put, the interaction between the ions is inversely
proportional to the dielectric constant. A higher € solvent leads to a higher dissociation and
conductivity. This has been proven experimentally by Barthel et.al. [75], who showed that
decreasing the ion-ion interaction by 14% increased the conductivity by 440%.

. e

RP=136V 1.00-1.60V 1.32V 6.7V 1.32V
OP=62V 4.0-6.6V 50-6.7V 27°C 67V
FP =160°C 132°C 18°C 2.958 31°C
£=89.78 64.92 3.107 0.65 cP 2.805

n=1.90cP(40°C) 2.53cP 0.59 cP (20°C) EMC 0.75 cP
EC PC DMC DEC

Illustration 1. Overview of the popular organic electrolytes and relevant properties relating to
dissolution of additional salts and overall battery operation. RP being the reduction potential, OP the
oxidation potentials, FP the flash point, € the dielectric constant at 25°C, and finally n the viscosity at
25°C [76]

The various issues that aprotic (compounds that cannot donate protons) organic solvents
present have been extensively researched and documented, flammability being one of them.

[77],[78], [79]

Ironically, the high permittivity necessary for organic electrolyte solvents combined with the
high salt concentration to provide satisfactory ionic conductivity results in a large potential
gradient near the electrode-electrolyte. This large potential difference can give rise to a
continuous electrolyte degradation after assembly with either electrode. [80] Yet batteries
are often engineered to form a good passivation layer.

For SIBs, propylene carbonate (PC) and Ethylene carbonate (EC) are popular solvents. PC has
a high dielectric constant and thermal stability but interacts with electrodes such as
graphene [81] creating undesired structure modifications in the electrodes. PC also
continuously corrode Na metal anodes, which pushed research towards new compromises.
EC on the other hand assists in creating a protective passivating surface layer, a solid
electrolyte interphase (SEI), but cannot be used as a single electrolyte solvent due to its
melting point at 36°C. This also brings a high viscosity, which also lowers the conductivity.
All this has led to a large variety of solvent mixtures with various dielectric constants,
melting points and structural differences to dissolve specific salts: cyclic structures such as
EC and PC having high dielectric constants versus linear structures such as Dimethyl
Carbonate (DMC) or diethyl carbonate (DEC) with inherently lower dielectric constants, but
also lower melting points.

Popular SIB salts used to dissolve in solvents are NaClO4, NaTFSI or NaPFs [82] [83], due to
their thermal stability, viscosities and electrochemical stability. 1 M of NaClO4 in EC:DEC or
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EC:PC showed excellent performances compared to other combinations of solvents in terms
of conductivity [84]

As previously mentioned, the high reactivity with organic solvents as well as high volatility
and potential leakage present safety issues and possible dendrite formation at the electrode-
electrolyte interface during sodium deposition while cycling. This is also relevant for Room
Temperature (RT) batteries due to the unstable formation of passivation layer using organic
electrolytes.

2.4.2 Solid State Electrolytes

Liquid electrolyte issues triggered further investigation into solid state electrolytes due to
their inherent safety (not flammable and suppressing dendrite) as well as not needing an
additional separator (necessary for liquid electrolytes) and packaging [85]. Conductive
ceramics, polymers and polymer composites have all been considered as potential solid-state
electrolytes [86][87]. Solid state electrolytes also show promising applications for micro-
electronics, as solid-state batteries can be modulated in different shapes to fit specific needs,
as well as higher efficiencies and energy density. Wider electrochemical stability window can
also be achieved with solid state electrolytes for increased energy density [88] [89] as well as
thinner SEI passivation layers for longer cycle-life.

One of the earliest and most researched solid-state electrolytes is Na-B”-ALO;, Na-Beta’-
alumina (NBA). This highly conducting sodium electrolyte was found based on the Na-f3-
ALO; and the NASICON structures [9o] [91]. This compound is composed of layers of Al,O,
with intercalated Na,O, (Na20)1+x - 1AL O;, where x ranges from 0.25 to 0.55. These layers
serve as tunnels for sodium ions to hop through, conducting Na* ions from one electrode to
the other. The micro-technology applications, high thermal stability, wide electrochemical
window (>5 V), high bulk ionic conductivity (>10* S cm™), low risk of leakage and a cation
transference number close to unity makes Na-beta”-alumina a great Na solid electrolyte

candidate. [92] [93] [94].

When synthesized, two versions of this crystalline structure are present, Na-p-alumina and
Na-p”-alumina. The difference between the two resides in different layer stacking, as shown
in [llustration 2. The two variations also have different chemical compositions, namely (-
Na,O-1ALO; (NaAl,O,;) and B"-Na,O-5AL0;. (NaAl;Os).[95][96][97]

Na-p-alumina has a hexagonal structure with space group P63/mmc, while Na-B"-alumina
has a rhombohedral with a space group R-3m. They are both stacked up by spinel blocks
consisting of [AlO,] tetrahedrals and [AlO¢] octahedrals. All the neighbouring alumina spinel
blocks are bonded by an oxygen ion with surrounding mobile Na+, forming the conduction
planes capable of transporting Na* ions.

Intuitively, the chemical formula also shows why the Na-f”-alumina phase if favoured for
conductivity purposes. For every two sodium positions, the  phase has 11 alumina while the
B” only requires 5. Effectively, Na-f”-alumina phase has two mobile Na+ ions in its
conduction phase while Na-B-alumina phase has only one. On top of that, the connecting
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oxygen ion should also be considered. The weaker electrostatic force between the oxygen ion
with surrounding Na+ ions relative to the [ phase facilitates Na+ movement, resulting in a
higher ionic conductivity in the B” crystal.

Compounds such as Li.O, MgO, TiO,, ZrO, and Y.O; promote Na-f”-alumina formation
during synthesis, suppressing the Na-f3’-alumina phase. [98] [99]

Na-B-Alumina Na-B"-Alumina

Perpendicular to c-axis

’ Perpendicular to c-axis | _
B X
w m VA a

Illustration 2. Crystal structure illustrating the difference between the unit cell of Na-B-Al.O; and Na-
B’-AlO;

The main drawback of Na-beta”-alumina is its high interfacial resistance. Even though bulk
(single crystal) conductivity is very high, the practical assembly of a cell using NBA means
using small solid electrolyte particles with additional treatment to make a dense pellet
(mechanical pressing or sintering at 160odegrees). Without satisfactory pellet density,
assembly leads to point contacts in the battery instead of a dense pellet, as well as poor
contact between the solid electrodes and solid electrolyte [100]. Ultimately, this would result
in a battery with poor electrolyte conductivity and poor interfacial contacts. Promising
attempts to reduce the interfacial impedance have been made, avoiding the high energy cost
of sintering at high temperature. [101]

NBA has been applied in the Na-S battery for 300 °C applications with compounds liquid at
that temperature to insure good contact. This battery contains molten sulphur, molten
sodium and highly corrosive polysulfides, potentially forming toxic H.S gas. Naturally, a
resistant container is needed for such an electrochemical system. Even though this concept
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was a reliable candidate for automotive applications for a long time [102], the inherent
cracking possibility leading to cell failure as well as propagation of the corrosive materials
cannot be permitted in automotive vehicles prone to shocks. [103]

2.4.3 lonic Liquid based electrolytes

Tonic liquids (ILs) containing a fraction of salt have been proposed as a viable alternative to
organic solvents for LIBs and SIBs, as they do not share their flammable and volatile
properties, presenting an improvement concerning the safety factor [104] [105][106]. Room
temperature ILs need to be highlighted, as they have been extensively studied for ambient
temperature applications. [106] [107] [108]

Aside from being non-flammable, ILS also show high thermal and electrochemical stability.
Even though these compounds are a promising alternative to flammable organic solvents,
research is still in an early stage [109][110] and ILs present other drawbacks such as a high
energy consumption and cost of synthesis, and often have synthesis waste that are not
environmentally friendly. For example, BMImBF4 requires 30 steps to be synthesized as well
as hydrogen fluoride waste [111]. Depending on the application, ILs need to be either highly
conductive or electrochemically stable. For batteries, both are needed. A good example is
Triethylsulphonium bis(trifluoromethylsulfonyl)imide with a reported conductivity of
8.2mS/cm and an electrochemical stability window of 5.5V [112]
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Illustration 3. Ionic liquids used in our project, without salt previously dissolved.

Ionic liquids can be used to dissolve salts in order to increase the conductivity and facilitate
ionic transport. For RT applications, pyrrolidinium and imidazolium are used to dissolve
NaFSI or TFSI [113], reporting conductivities up to 3.2mS/cm at 298K, with an anodic
electrochemical stability window of 5.2V vs Na*/Na°. Further research showed the anion FSI
having a higher oxidation potential limit [114] [115] Reports have even shown that ionic
liquids with dissolved salts can even outperform organic electrolyte solutions due to a stable
SEI formation. [116] [117]
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2.5 Electrolyte/Electrode Interfaces

Whether for Na* or Li*, ions have to travel through the interface between the electrodes and
electrolyte. The electrode-electrolyte interface for solid-state batteries can present issues for
high-rate performance [85] [118] [119][120]. This can be a bottleneck and has to be optimized
in order not to limit ionic diffusion. Concerning solid state electrolytes, the poor ionic
diffusion through the electrode-electrolyte interface was suggested to be caused by small
contact area for charge transfer [121] [122], decomposition products at the interface with low
conductivity and possible space-charge layer effects due to layers causing charge
redistribution at the interface varying from the nanometre to micrometre order. [123]

2.5.1 The Solid Electrolyte Interphase (SEl)

Aside from improving the electrode material structures and electrolyte conductivity, the
interfaces need to be studied for high performing SIBs and LIBs. Side reactions at these
interfaces are quite common and can cause deficient battery function, low capacities and
coulombic efficiencies. On the other hand, these side reactions can be harnessed to extend
the theoretical limits of the electrochemical windows (ESW) by creating passivating layers at
the interfaces. The thermodynamic limits of the ESW are usually characterized by the LUMO
(Lowest Unoccupied Molecular Orbital) and HOMO (Highest Occupied Molecular Orbital)
of the electrolyte. In order to avoid electrolyte decomposition by reducing the electrolyte on
the anode side or oxidize the electrolyte on the cathode side, care must be taken to find
materials with fitting chemical potentials ptanode and picathode as shown in Illustration 4. A
passivating interphase can extend these limits in order to increase the electrochemical
operation window of the electrolyte. This can manifest itself as a solid electrolyte interface
(SEI).
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Illustration 4. Electrochemical system illustrating the relationship between electrochemical
potentials of electrodes and the HOMO or LUMO of the electrolyte, as well as the possibility of
forming passivating interphases to extend the electrochemical window.

The solid electrolyte interphase is a protective passivation layer resulting from the electrolyte
decomposition (or dissolved salt decomposition) at the anode during the first cycles of the
battery. This can have insulating effects negating charge transport but can also be harnessed
for positive results. For an ideal SEI formation, the anode surface in contact with the
electrolyte reacts during anode reduction to form a permeable layer for charge carriers to
move through, while simultaneously preventing further electrolyte reduction and conserve
electrolyte qualities such as electronic insulation [124]. The SEI usually takes several cycles to
stabilize, which is noticeable from the charge/discharge patterns and capacity when cycling
batteries.

Naturally, understanding the layer formation is essential to a high performing battery,
especially since forming a good SEI is dependent on various factors, explaining why a lot of
studies have been conducted on the matter [125] [85].

Relatively little study has been reported for SEI formation for SIBs, but with increasing
interest in Sodium based batteries, trends concerning SEI are starting to be unravelled. [126]

[127] [128]

Unlike for cathode materials, parallels between SIBs and LIBs are harder to draw for SEI
formation. Similar compounds can be found at the interphase for SIBs and LIBs, but in
different proportions. Using Hard Carbon as anode insertion material against NaNi, sMn, 0.,
studies of NaClO, salt dissolved in PC versus LiClO, have been conducted for comparison in
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morphology [129]. The interest here, is to observe the different behaviour at the interphase
using the same system, but with two different intercalant alkali elements. SEM revealed a
more uneven distribution of SEI particle formation for NaClO, salt than for LiClO,, while
XPS and mass spectroscopy showed that the passivation layer had a different composition
and thickness. For the XPS analysis, the sp2 peak became better defined and more intense in
the C 1s spectra, which points towards a thinner surface layer in the Na cell than the Li cell.
Mass spectroscopy also indicated that the Li cell presented a mostly organic layer formation,
while the Na cell had an SEI composed of inorganic compounds. It can also be pointed out
that LiClO, in PC presents a higher stability than for NaClO, [130]. This may be related to the
variation in ionic size, cationic solvation, reactivity, solubility and so on.

In an electrochemical cell, the cathode material requires a high insertion potential in order to
store the most energy possible. Yet this demands an electrolyte with a suitable oxidation
potential. Using an electrolyte with a lower oxidation potential than the cathode insertion
potential can lead to electrolyte decomposition. Thus, developing methods to negate or
minimize the decomposition or to stabilize EISs is crucial towards high performance SIBs
and LIBs.

2.5.2 Space charges in solid-state batteries

Another interesting material interaction to be considered at the interphase is the space
charge effect. It relates to the chemical potential difference of the compounds and affects the
electric properties of the battery materials.

This phenomenon can be illustrated as followed. Two materials with atoms in a set space
(such as crystal structures in solid state batteries) and different chemical potentials come in
contact. With different potentials (in open circuit conditions), the particles in the material
with lowest potential will experience a drive towards the higher potential material to seek
equilibrium. Yet if only ions can move, an energy gap occurs at the interphase, called space
charge. The space charge layer forms at the two-phase boundary to keep the thermodynamic
equilibrium. This leads to absorption of ions from one compound to the other, creating
additional defects until the repulsive electric field from charge accumulation balances out
the higher chemical potential, making the system reach equilibrium.

When describing the process, thickness is the first factor that comes to mind. The depth of
ion extraction from one material for the other, as well as the ionic concentration that ensues
are central to space-charge description and modelling. Space charge layers have a thickness
varying from the nanometre to micrometre order, depending on the material properties such
as potential difference, ionic concentrations, interfacial contacts, surface area, but also
electric permittivity [131].

The thickness of this layer is highly relevant, since compounds with higher permittivity lead
to thinner space-charge layers at the interphase, resulting in a lower interfacial resistance.
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The thickness also depends on the concentration of free charge carriers and the potential
difference between the two materials.

Reports have shown the beneficial effect of space charge on ionic diffusion in solid
electrolytes [132] as well as in SEI layers [133].

Since the intrinsic property of space-charge describes a charge carrier redistribution between
two phases, it can naturally also have a negative effect on conductivity and overall
performance of the batteries by increasing the resistance [134] [135]

The root of the phenomenon is based in the mechanism of ionic diffusion, whether with
vacancies or interstitial defects. When two materials with large potential difference are in
contact, this results in a greater attraction for the alkali ions, subsequently generating more
vacancies and making a thicker space-charge layer of the solid electrolyte (where ions are
drawn from). If the major carrier of the solid electrolyte is vacancy defects, the ionic
conductivity will increase as a result of the ionic migration. But if the major carrier is
interstitial defects, the high potential electrode will attract ions from the solid electrolyte,
ions are depleted at the interface, decreasing the conductivity. [136]

Electrons from the electrode mixture can eliminate the interstitial ions near the boundary,
increasing the space charge layer near the oxide boundary side. Since the interface ionic
transport properties are determined by the interstitial ions, this carrier redistribution can
increase the interfacial resistance, thus increasing the polarization and decrease the rate
capabilities of the overall system. This phenomenon was verified experimentally [137]

In order to reduce the polarization, the potential difference between the materials must be
eliminated by introducing an ionically conductive compound with limited electron
concentration. This prevents ion transfer in the intermediate layer, limits the depletion layer
and consequently decreases the interfacial resistance. Reports have shown that by coating a
non-sintered highly conducting solid oxide with a poorly conducing solid oxide could
suppress the grain boundary resistance. [138]

Thus, depending on the potentials at the boundary, ionic transport can occur. For highly
conducting solid electrolytes, the ionic transfer at the interphase is greater, resulting in a
more severe effect since the main charge carriers are not vacancies but interstitials [139][140]
[141] This interstitial transport mechanism is also dominant in our solid electrolyte Na-beta-
alumina, a compound not affected by oxygen partial pressure [142]. The ionic transfer
between such solid oxide electrolytes and high potential electrode leads to charge carrier
depletion in the electrolyte at the interphase, increasing the interfacial resistance. This is why
research into space charge layers is relevant, as it can lead to a decrease in the grain
boundary resistance, thus increasing the interfacial conductivity.

Space charge behaviour research for solid oxide electrolyte and solid oxide active material is
still in its infancy, especially due to the difficulty to measure and model the phenomenon
(simulating varying Coulombic interactions between the created defects in and around the
space charge layer) and may be one of the key issues for all-solid-state batteries.
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3. Characterization techniques and methods

In order to identify and characterize the chemical compounds and battery behaviour,
characterization techniques are required. The tools and methods used are described in this
chapter. The structural information regarding crystals as well as atomic displacements
present in the electrochemical cells are unravelled using powder X-Ray diffraction (XRD).
The electrochemical behaviour of assembled batteries is also investigated by cycling the
batteries, as well as using Electrochemical Impedance Spectroscopy (EIS) to probe kinetics
and electric properties.

3. 1 Powder X-Ray diffraction

Powder X-Ray diffraction (XRD) has been a useful tool to investigate the various atomic
positions and crystalline structures encountered during this research on solid-state batteries.
The X-Ray electromagnetic waves have a wavelength the order of magnitude of an Angstrom
(10™ m or 1 A), a property that both atomic sizes and interplanar distances share. With the X-
rays scattering off the crystalline periodic structure, this provides an explanation on why
XRD is used for crystalline structure unravelling. Secondly, X-rays scatter off electrons, with
each atom possessing its own electron density. From this, the chemical composition of the
crystalline material can be distinguished.

When using powder X-Ray Diffraction (with solid compounds), the (nearly monochromatic)
X-Rays aimed at the material scatter in direction distinctive to a specific crystalline structure
and atomic composition, received by a detector indicating the intensity of the scattered
wave. The resulting diffraction pattern can be solved using an expected structure (initial
guess), and the structural parameters are refined to match the measured data using the
iterative Rietveld refinement method to find the three-dimensional structure.

When testing air-sensitive compounds, the samples are sealed in a specially designed Kapton
covered air-tight sample holder, allowing the electromagnetic waves to go through the
Kapton cover and still uncover the powder composition.

3.1.1 Bragg’s law for X-Ray Diffraction

Powders are often composed of one or more crystalline compounds. The different structures
are called crystalline phases. Phases are divided into seven different lattice systems
(Ilustration 5) indicating the symmetry of the crystal cell (the shape of the crystal unit cell,
simplest being the cubic system with most symmetry axes), sub-divided into 14 Bravais
lattices due to variations considering base-centred, face-centred and body-centred lattice
points, further categorized into 230 space groups (dependent on atomic placement within
the crystal lattices) to index every structure present in a sample.
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Illustration 5. The seven crystal lattice systems. These are the primitive lattices (lattice points on the
corners of the cell), while the 14 Bravais lattices result from additionally characterizing body-centred,
face-centred and base-centred lattice points

Since crystals are composed of repetitive structures with defined symmetries, different planes
within the unit cells arise. These planes are described by Miller indices (hkl), illustrating all
the different directions scattering planes can take. Naturally, all planes with identical Miller
indices are parallel to one another with a distance dnu. As such, X-Ray scattering off of
parallel planes results in constructive interference at a certain angle, yielding a specific
diffraction peak. This is defined as Bragg’s law, shown in Illustration 6.

Incident wavefront
wavelength A

Reflected wavefront

(hkI)
dhki

(hkl)
26 diffraction angle

Illustration 6. Illustration of Bragg’s law showing wavefront behaviour against a crystal structure.
Incident X-Ray beams are hitting atoms on two separate crystal planes, consequently scattered and
received by a detector. The distance dnx indicates the distance between lattice planes, ¢ the X-Ray
scattering angle and 4 the wavelength of the incident X-rays.
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Constructive interference occurs only when the conditions for Bragg’s law are met. 6 is the
incident scattering angle. Bragg’s law shows the following: the path length difference of two
incident waves scattering off two parallel planes is equal to an integer of the original
wavelength [143], according to:

2dhi - sin(6@ na) =n A (Eq. 6)

As opposed to constructive wave interference, destructive interference cancels out the
scattered wave. This yields high detector counts for the constructively scattered angle,
resulting in a diffraction peak corresponding to a specific plane. Every peak is related to a set
of parallel planes, corresponding to a set of Miller indices. Gathering the peaks gives
information about the crystalline structure (sets of parallel planes) and chemical
composition.

When collecting the XRD measurements, peak broadening can be observed. This is a result
of Bragg’s law being based on an ideal case, while experimental factors also interfere. First of
all, the incident XRD wave is not truly monochromatic resulting in a statistical distribution
of the peak values instead of an ideal delta-shaped peak. Background interference in the XRD
measurement can also arise due to detector noise or amorphous materials, unable to produce
sharp XRD peaks. Finally, the most interesting broadening effect present in XRD is sample
broadening, the result of the physical qualities of the sample. The size variation of the
crystalline powder particles results in a size (symmetric) broadening effect, while crystal
lattice strain shows strain (asymmetric) broadening.

3.1.2 Size and Strain Broadening from Rietveld Refinement

Peak broadening is a symptom of size and strain broadening. Bragg’s law holds for an ideal
case, considering a material with a practically infinite number of lattice planes. This would
result in peaks appearing at the true Bragg angle. But when reducing particle size, the
number of scattering planes is also smaller, meaning that reflections at angles slightly off the
true scattering angle are not cancelled out. This in turn yields a distribution of angles around
the true Bragg angle resulting in peak broadening. Based on the observed peak broadening,
particle size can be determined.

After refining the XRD spectrum to fit the experimental data to the known database, grain
size (Eq.7) can be determined using:

_ 18000%K*1 (Eq. )
" 7 (Lx—3.168) 97
And the integration of this formula yields the error bar (Eq. 8), indicating the window of
error:

__18000+K*4 " ALx
- T (Lx—3.168)2

AD

(Eq. 8)
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Using the isotropic Lx (Lorentzian isotropic crystallite size broadening) profile term;

where K = Scherrer constant (typically ~ 1), 7 = 3.1416 and size units are in Angstroms (A),
same units as wavelength ().

—A Peak positon=d spacing, phase identification,
g * changes in lattice, atomic/ionic positions
; r

B

e 220 (hkl)

g 311

-~ =

20 (°) = angle detector observed intensity
Figure 6. X-Ray diffractogram illustrating the information that XRD can reveal

A wealth of information about the crystalline structure can be unravelled using the X-Ray
diffraction pattern (Figure 6). This is done using an iterative refinement named Rietveld
refinement. This process allows us to compare and adjust the measured sample with existing
data about the crystalline structures present in the sample, where the difference with existing
data allows us to extract valuable information. This information is specifically derived from
the peak positions and broadness from the sample measurements compared with existing
data. Three main parameters should be considered. The peak positions provide insight into
the d-spacing and lattice parameters of the crystals (also comprising atomic occupancy and
positions). The width and shape of the peaks are equally important, as this parameter
translates into the grain size and sample defect. Finally, the peak areas can be derived into
quantitative phase distribution, relative amounts of each crystalline compound in the
powder sample.

Software such as FullProf or GSAS (General Structure Analysis System) can be applied to
XRD refinement. In this thesis, the Rietveld refinement has been performed using GSAS.
Extensive information concerning the usage of GSAS has been published by Larson et
al.[144].

3.2 Impedance Spectroscopy

In order to investigate the frequency dependent impedances within an electrochemical cell,
electrochemical impedance spectroscopy (EIS) is used. This perturbative tool can probe the
kinetic processes within batteries, for liquid as well as solid electrolytes. By polarizing the
electrochemical system at a fixed voltage followed by a small voltage perturbation, a response
is incited. The additional voltage is added at a specific frequency, oscillating to create an
Alternative Current (AC), applied in our case to the battery. The electrochemical cell
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produces an oscillating response, which traduces to an alternating current with specific
frequency and amplitude. This response can be interpreted as a form of complex resistance
to the electrical flow going through the system. When using direct current (DC) in a circuit,
the resistance R is the relation of Voltage over direct current; while the impedance Z is a ratio
of voltage over alternating current. If no alternating current is used, impedance becomes a
regular resistance. Impedance describes not only the resistance, but also the phase shift of
the responding signal. These are differentiated with a real and imaginary component.

Naturally, each phenomenon present in an electrochemical cell can be described by an
electrical component in a circuit. The most common ones are:

the resistance, with impedance:
Z=R (Eq. 9)
the inductance, where:
Z=ioL (Eq.10)
and the capacitor, described as the inverse of the inductance:
Z =1/inC (Eq. 1)

We can see that the impedance of the resistance is only correlated to the real component
relating to active power, while the impedance of the inductance and capacitance vary with
frequency relating to reactive power, as follows:

Zeq = Req + jXeq (Eq. 12)

The behaviour of a capacitance shows that its impedance decreases with increasing
frequency, and it only has an imaginary component, relating to the reactive power.

By applying the impedance measurement process to a large range of frequencies of
alternating currents, the various interfaces comprising the battery can be distinguished. The
resulting impedance data can be plotted as an impedance spectrum or Nyquist plot, graphing
out the real and imaginary part that constitute the impedance. Further information on
electrochemical tools and impedance spectroscopy has been published by Barsoukov et al.
[145] and is widely used for electrochemical processes [146]. The impedance spectrum can be
fitted to investigate the electrical performances of the battery. This will be discussed in detail
under heading 3.2.2.

3.2.1 EIS in batteries

Unfortunately, some challenges arise when applying EIS to a fully assembled battery. Since
batteries are composed of two electrodes and an electrolyte, the influence of each individual
material can be hard to separate.
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Concerning solid state batteries, electrolyte ionic conductivity can be an issue. Particles are
required to be in close contact in order to efficiently conduct ions. This can be challenging,
and EIS can shed light on which part of the particles impedes transportation.

Solid state electrolyte particles have three contributing factors, inherent to any solid
conducting material. The bulk conductivity is the highest, as it is synonym to the single
crystal conductivity of the material. The grain boundary can be problematic, as the
conductivity is related to the contact area. A greater contact area between particles provides
higher conductivity, and inversely so for small area. Lastly, the interface between electrolyte
and electrode is a factor. This contribution can vary over time, especially when observing the
behaviour before and after cycling. Interface formation can severely impact the conductivity
of an electrochemical system.

The myriad of contributions in the system are uncovered due to their reaction to the change
in polarity. When two processes react to the same disturbance, the time constant is also
different. This changes the frequency of their contribution and appears in a different region
of the Nyquist plot, allowing us to differentiate the internal processes. In order to quantify
the electrochemical parameters in the cell, the impedance spectrum is fitted using a model
based on electrical circuits.

The resistances depict conductive pathways for ions and electron transfer in bulk (at high
frequency) and charge transfer resistance at the electrode surface at medium frequency.
Inductors and capacitors on the other hand, depict space-charge polarization regions. The
induction element refers to adsorption and desorption at the electrode surface, while
capacitance describes the electrochemical double layer.

3.2.2. Fitting EIS - Equivalent Circuit Elements

The potential of EIS lies in the characterization of various contributions. By fitting the
electrochemical impedance response to a model, the different factors influencing the
electrochemical system can be highlighted and studied, allowing us to gain further insight
into the kinetics and interactions within the battery, as well as potential bottlenecks
impeding ionic transport.

In order to fit an impedance spectrum accurately, the electrical circuit components need to
have matching frequencies with the impedance response of the studied electrochemical cells.
Using the impedance of resistors, inductors, capacitors, constant-phase elements (CPE) and a
Warburg element, all the electrochemical processes comprised in the batteries can be
simulated and fitted to match the electrochemical impedance spectrum.
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Figure 7. Impedance spectrum of a solid-state battery, as well as the equivalent electrical circuit
matching the impedance response. [147]

In Figure 7, the Nyquist plot is shown, illustrating the various fitted electrical components
simulating the electrochemical effects in the battery. The impedance spectrum reflects the
impedance values for a range of frequencies, in our case from 10>Hz to iMHz. The far left of
Figure 7 indicates the bulk resistance of the cell Ry, the electric conductivity of the electrolyte
and electrodes. It is the intersection with the origin of the Real axis (Z’), indicating the total
ohmic resistance of the electrolyte and electronic contacts.

The high frequency part of the plot (first semi-circle) can be seen at the left part of Figure 7,
relating to the solid state interface resistance Rsi and capacitance Cs.i [148].

The second semi-circle (in the middle of Figure 7) relates to medium frequency impedance
values, associated with the impedance of faradic charge transfer R and double layer
capacitance Cq. The second semi-circle relates to the charge transfer kinetics (concerning
both ions and electrons). It influences the Sodium-intercalation process and the exchange
current density. The charge transfer kinetics are the speed at which the ion and electron
transfer from one species to another. When relating to batteries, it is the process of changing
an Na* ion in the electrolyte into a stored Na in the electrode, by combining with an electron.
This speed depends on temperature, concentration of the products, and the potential
difference between both compounds.

It can be noted that experimentally, capacitance is more accurately modelled by a CPE. This
depicts the behaviour of an imperfect capacitor.

The far-right part of Figure 7 usually reflects the Warburg impedance W. The measured
impedance effect is attributed to ionic diffusion [148], a line indicating the ionic diffusion
through all the interfaces.

Typically, the total cell resistance Rc.i is composed of the bulk resistance, the solid-state
interface resistance and the charge transfer resistance. Relating impedance to temperature
puts into perspective that R, and Rsi do not react to temperature variation, while R is
strongly affected. Since the charge transfer resistance is associated with reaction kinetics in
the cell, this impedance factor contributes the most to slow kinetics and low performance of
the cell at Room Temperature [147]
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Figure 8. Measured EIS spectrum of an assembled battery with modelled fit, comprising a cathode
thin film, tape casted Na-beta”-alumina electrolyte with liquid addition of organic electrolyte, and
Sodium metal anode. Three overlapping semi-circles are visible
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Figure 9. Measured EIS spectrum of an assembled battery with modelled fit, except the electrolyte is a
slurry of Na-beta”-alumina particles with ionic liquid. The first and second semi-circle are overlapping,
while the third semi-circle overlaps with the tail of the spectrum (far right).

Since our measurements present three semi-circles, the resulting equivalent circuit
modelling of the impedance response is introduced as:

<!\ /\ro—o{ W

Rp Y0 = 110 TMha*s* {1/
R = 500 k2

YO = 412 nkvtho*s M0 = 4.45 phho*s M0 = 798 phho*s~M
M= 0735 M = 0.BOT M =052
Illustration 7. Equivalent circuit modelling relating to the measured EIS.

In Illustration 7, each semi-circle is described by a an equivalent RC part of this circuit. For
three distinct semi-circles, three resistances and capacitances in parrallel have to be
introduced, RC parralel circuits. Additionally, the circuit also comprises the bulk resistance
(far left) and a Warburg diffusion element (far right).
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The resistances are described in Ohm (£2) and Capacitances in Farads (F). Mho is the same as
Siemens unit, electrical conductivity unit. It can be described as the the inverse of resistance,
S=Q"

In our model, capacitances are replaced by a more accurate experimental fit, CPE. The CPE
can be seen as an imperfect capacitance, with N the degree of imperfection. Y, is the
magnitude of the admittance (= 1/Z) at w=1rad/s. This relates to the capacitance as well as
the Warburg element.
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Figure 10. Nyquist plot of a cell with slurry Na-beta”-alumina : Pyri4FSI ionic liquid as electrolyte.
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Figure 11. Corresponding Bode plot of the slurry electrolyte cell shown above. The same information is
shown, but decomposed in different parameters. Instead of an imaginary and real component of the
impedance, the Bode plot shows the overall impedance and the phase angle at each measured
frequency.

The Nyquist plot shown in Figure 10 illustrates the challenge relating to fitting EIS
measurements. In this case, the low frequency values are challenging to fit, which results in
an inaccurate translation to electrical data. This is confirmed by the Bode plot in Figure 1,
which indicates the same mismatch at low frequency.

3.2.2.1 CPE vs Capacitance

A true capacitance is indicated by a perfect semi-circle in an EIS measurement. When
properties of the system are not homogeneous, the spectrum shows depressed semi-circles.
This is explained in Illustration 8.

43



In our impedance spectra, n describes the degree of “depression” of a semi-circle. A perfect
half-circle shape would result in an indice n=1, while the same arc with an indice of n=o0.5 is
half the high, but still as broad.

[llustration 8. Schematic explanation of the translation

[ ]
from measured depressed semi-circle to capacitance. Taken
from [149]

Capacitance can be derived from the CPE using the following formulas. The first formula (Eq.
13) relates to the parallel resistance (in the depressed semi-circle), while the second one (Eq.
14) relies on the angle (rad/s or frequency in Hz) at the top of the concerned semi-circle. For
information, one Radian per second is comparative to 1/2m Hertz.

C=(Qo*R)¥M /R (Eq.13)

C = Qo * (omegamax)™ (Eq. 14)

Using CPE as elements instead of Capacitance results in better fitted results. Deviations from
ideal capacitance has been extensively studied [150] and attributed to electrode
inhomogeneity, porosity and surface roughness, variable coating thickness, as well as slow
adsorption process. Uneven potential and current distribution and grain boundary of the
particles also influence the degree of perfection of the capacitance.

Since a dynamic system is analysed with many electrochemical processes involved, it often
occurs that phenomena are overlapping. Impedance responses can have a similar magnitude,
but occurring at slightly different time constants, overlapping semi-circles can be observed.
This is due to either an electrode having higher kinetics than its counter-electrode (lower
charge transfer resistance), which appears as a long flat arc; or electrodes have similar kinetic
time constants, appearing as one semi-circle. This makes pinpointing the capacitance using
the second Capacitance formula rather challenging, as the peak of overlapping semi-circles is
not always visible.

The low frequency element also includes various phenomena, features all put under the
denomination of mass transport, but also include thermodynamic phenomena.
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4. Experimental procedure

This chapter describes the experimental methods used in this thesis. The various electrolyte
concepts and preparation methods for the batteries are being reviewed in the first part,
followed by the battery assembly. The various analysing methods comprised of cycling XRD
and EIS are then discussed

4.1 Experimental methodology

On the positive electrode side of our electrochemical cells is the catholyte, a mixture of
cathode active material P2-Na,;5[Ni,sMn.;]O,, conducting agent Carbon, binder PVDF and
various electrolyte compounds.

For the tape casting concept, the catholyte consists of the active material, Na-beta”-alumina
solid electrolyte, conducting agent, binder and organic electrolyte. The Na-beta”-alumina
was purchased from lonotec. The solid electrolyte BASE is introduced in the catholyte due to
the varying of NaClO, : ECPC and the exclusion of dissolved salt NaClO, to examine the
BASE contribution.

The electrolyte slurry concept contains active material, conducting agent, binder PVDF and
ionic liquids Pyr,,-FSI and TES-TFSI.

On the negative electrode side of our electrochemical cells is Sodium paste, providing
Sodium ions to the discharged P2-Na,;[Ni,sMn, ;5] O,, effectively loading the crystalline
framework with Na* ions until P2-Na,;[Ni,;sMn.;]O,. This process can also be reversed. But
not without an electrolyte, highly conductive for ions, but not allowing electrons through.

Various pasting thicknesses and particle sizes of electrolyte were employed to determine the
liquid to solid correlation, and effective_contribution of the electrolyte.

This experimental section explains the various attempts to study the effects of liquid

additives on the dynamics within solid state batteries, and the solid electrolyte Na-beta”-
alumina in particular.

Table 2. Overview of the various concepts tested throughout this project.

Tape casting concept Slurry concept Pellet concept

Cathode 5NNM 5NNM 8 NNM 8NNM 8NNM 8 NNM
5 BASE 5 BASE 1 PVDF 1 PVDF 1 PVDF 1 PVDF
1 PVDF 1 PVDF 1 Carbon Black 1 Carbon Black 1 Carbon Black 1 Carbon Black
1 Carbon Black 1 Carbon Black

Electrolyte |4 BASE 4 BASE 7.5 BASE 7.5 BASE BASE pellet BASE pellet
1 PVDF 1 PVDF 2.5 Pyr14FSI 2.5 TES-TFSI Pyr14FsS| TES-TFSI
NaClO4 : ECPC ECPC

Anode Na metal Na metal Na metal Na metal Na metal Na metal
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4.1.1 Tapecasted cathode

The tape casting concept is likely to be used for large scale production, as it is cheap and

time effective, it could also be automated in order to improve the casting process. It is

essentially a process where a wet slurry is pasted upon a metal foil (serving as current

collector), followed by a drying process

* The P2-Na,;5[Ni,sMn,/;5]O, powder is mixed with PVDF and
Carbon Black, then dissolved in NMP at the weight ratio of 8:1:1
to form slurry.

* Ball-mill the cathode slurry for 4 hours at 350 rpm for
homogeneous paste.

* Tape casting procedure using a 50 pm tape-casting tool.
* Drying at room temperature for 1 hour.

* Drying in oven at 70 °C for 1 hour.

4.1.2 Tape casted electrolyte

* Na-beta” alumina powder is mixed with PDVF at the weight
ratio 4:1 with dissolved NMP to form slurry

* Ball-milling Na-beta-alumina solid state electrolyte slurry at
350rpm 2-4 hours to change the solid electrolyte particle size

* Tape casting electrolyte slurry on dry cathode thin film.
* Drying at room temperature for 1 hour.
* Drying in oven at 70 °C for 1 hour.

* Cutting thin films in small circles (1,25cm) for battery
assembly.

* Heating ante-chamber of glovebox at 80°C to extract
additional water.

8 NNM :1PVDF:1CB
Mixing + NMP dissolution

|

Ball-milling
4h at 350 rpm

l

Tape casting
50 pm tool - Cathode

|

Drying at RT
Drying at 70°C

4 BASE : 1 PVDF

Mixing + NMP dissolution
Ball-milling

2-4h at 350 rpm

l

Tape casting
50 to 600 um tool - Electrolyte

l

Drying at RT
Drying at 70°C
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4.1.3 Pellet electrolyte

The Na-beta”-alumina electrolyte powder (ball-milled for different particle sizes) was pressed
into pellets with a diameter of 13 mm and a thickness of approx. 1 mm. In order to form a self-
standing electrolyte pellet, the press had to exert a pressure of 4.5 tons with steps of 0.5 tons
with release. The slow release proved to be defining factor in keeping the integrity of the
pellet. Since annealing at 1600 °C was not achievable with our facilities, a pellet electrolyte
was attempted using pressed powder. This would imply many point contacts between the
particles, which would be vastly improved using an ionic liquid.

4.1.4 Slurry electrolyte

The slurry electrolyte concept is a mixture of BASE particles and ionic liquid without
dissolved salt. The idea behind it, is to measure the interaction between these two, while still
allowing BASE to provide the ionic conduction paths. The ionic liquids used in this project
are abbreviated TES-TFSI and Pyr,,FSI for Triethylsulfonium (cation)
bis(trifluoromethylsulfonyl)imide (anion) and 1-Butyl-1-methylpyrrolidinium (cation)
bis(fluorosulfonyl)imide (anion) respectively.

Ball-millin
Ball-milling Na-beta”-alumina solid state electrolyte slurry at 0-2-4h at 35 Ogr m
350rpm 0-2-4 hours to change the solid electrolyte particle P
size l
Heat treatment BASE

Heat treatment at 600 °C to avoid moisture contamination 600°C for 6 hours
Drying lonic liquids in antechamber of glovebox at 8 o °C l

Heat treatment IL
Mixing solid-state electrolyte with ionic liquid for 2 hours 80°C vacuum antechamber
using a stirrer to form a uniform composite slurry l
Pasting Ionic Liquid-BASE mixture on Na anode, ideal ratio 2h mixing
7.5:2.5 (not too liquid to prevent short-circuit upon assembly, l
not too solid to allow correct application and negate point _
contacts (which would prevent efficient ionic conductivity)) Pasting

The advantage of the slurry electrolyte is the improved contact at the interfaces, as well as
the contact between the particles in the electrolyte. The viscous ionic liquid acts as a binder
and permits the conduction of ions over the solid-liquid interface.
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4.2 Battery Assembly

The batteries are assembled in the Argon Glovebox. All the elements pertaining to the
composition of the electrochemical cells had to be thoroughly dried in order to be used, as
many components were reactive to water like Sodium; would lose their conductive properties
such as Na-beta”’-alumina or are hydrophobic such as the ionic liquids TES-TFSI and Pyr,,FSI.

Using tape-casted cathode mixture on a thin film and Sodium as anode, various concepts to
optimize the electrolyte were experimented with.

- For the tape casted concept, only a drop of organic electrolyte additive has to be
added on the film using a pipette, before adding Sodium and encapsulating the
system in a Swagelok cell.

- For the mechanically pressed pellet, Sodium paste was pressed onto one face of the
pellet, while thin film tape casted cathode material was placed on the other, before
encapsulating it in a Swagelok cell.

- The slurry electrolyte (with ionic liquid) was pasted on the Sodium in the glovebox
using a clean spatula, before adding the cathode thin film on the other side (shown in
Picture 1) and encapsulating the system in a Swagelok cell.

Picture 1. Clear view of the Sodium metal with BASE:IL slurry on top, followed by the cathode thin
film pasted on aluminium foil.

A schemtic visualisation can be seen in Illustration 9.

- Active material

AN, % «’\'! b 4
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i?; ? ‘.;., B b V;L’—— Conductive material

lonic liquid é,!.,-vp 't"‘q - Binder
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Na metal —

Illustration 9. Schematic illustration of the slurry battery, comprised of a porous tape casted cathode,
a slurry electrolyte and a metal Na anode.
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4.3 Battery Analysis — Computational methodology

After assembly of the battery inside the glovebox, it is taken out to analyse the
electrochemical properties. In particular the electrochemical dynamics between the
components. This is done using Electrochemical Impedance Spectroscopy (EIS), connected
to Nova Autolab. All impedance measurements were carried out between 10°Hz and iMHz
with applied voltage of 0.01V using automatic sweep from high to low frequencies, at room
temperature. Using a built-in function of Nova Autolab, an electrical circuit can simulate the
dynamics of the batteries, as well as a Kronig-Kramers (KK) test to determine the error of the
analysis. Electrical parameters can be derived from that, producing quantifiable data.
Combining this with the fitting error of the designed electrical circuit, the validity of the
measurement can be supported.

The battery is then ready for a series of charge-discharge cycles in the MACCOR,
determining if the assembled cell is a viable battery option or not. By studying the voltage
curves (indicative of phase transformations within the cathode material) during the cycles,
the efficacy of the assembled cell can be assessed.

Post-cycling, the battery is analysed through the EIS once more, which allows us to draw
conclusions, correlating the battery cycles with the electrochemical dynamics inside the
system, as well as the evolution caused by the charge-discharge process.

For the slurry, after the impedance testing, the battery is disassembled and the thickness of
the slurry is measured with a thickness gauge meter.

4.4 X-Ray Diffraction

In order to determine the size of the particles in our cells, XRD measurements were carried
out. An air-tight holder with Kapton cover was used for Na-beta”’-alumina, as air and water
exposure were proven to change the electrochemical properties of the solid electrolyte.

The wavelength was 0.69386 A. Data processing was operating at 45 kV and 40 mA.

The scanning was done continuously, with an exposure time of 45,0850 s/step and a step size
[°26] of 0.0080. All XRD measurements were performed at room temperature.

For all diffraction patterns, Rietveld refinement was carried out using the GSAS software. The
phase factors, the unit cell parameters as well as the strain and the size broadening
parameters were refined for all phases.

Pseudo-Voigt profiles were used for modelling the shapes of the diffraction peaks. The
background signal was modelled using a polynomial expression, and the zero point was
refined. The weighted profile agreement factor Rwp at the end of the refinements was under
5% for every measurement and the data were refined for convergence. After refinement, the
particle size was derived using Lx and Equation 7.
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4.5 Electrochemical Impedance spectroscopy (EIS)

Nyquist Plots have one major shortcoming. When you look at any data point on the plot, you
cannot tell what frequency was used to record that point.

The Nyquist plot results from the electrical circuit of Figure 4. The semicircle in a Nyquist
plot is characteristic of a phenomenon with a "time constant". Electrochemical impedance
plots often contain several semicircles. These semi-circles are simulated using a resistance
and a Constant phase element, an imperfect capacitance.

The measurements were performed under near-equilibrium conditions, i.e. after resting the
cell in open circuit mode for at least 20 minutes prior to the EIS measurements. Near
equilibrium was deduced from the Open circuit voltage stabilizing, as well as the EIS
measurement drastically gaining in accuracy. The frequency range of the impedance
measurements was set from o.01 Hz to iMHz.

The temperature during the impedance spectroscopy measurements was the same as during
the charge-discharge measurements for each cell, room temperature.

Kronig-Kramer values resulting from the EIS measurements were all below 10 # and Chi?
fitting values indicating the fitting error were below 5%, validating the accuracy of the
measurements.

Note: For future work regarding deriving electrical values from EIS measurements, one
should be aware that making an accurate correlation between electrochemical data and a
modelled circuit takes a large amount of time. For each EIS measurement, a refinement of
under 5% inaccuracy takes 2-3 days, especially for an inexperienced user. When doing a
series of battery measurements, this can easily take up to a month to fit the model to the
data.
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5. Results

In order to study the effects of adding a small fraction of liquid in a solid-state
electrochemical cell, EIS was done on a large variety of cells. The idea is to use a liquid with a
different chemical potential for sodium, so that a space charge layer forms at the interface
between the solid and the liquid. This can lead to seemingly larger contact area and
therewith lower grain boundary resistance.

If this is the case, and the contact area is artificially enhanced, one would expect a different
response of the corresponding R-C parallel circuit. A circuit corresponding to the
interactions in the battery should be modelled. If such a change is large, and the RC-time
constant is different from others within the circuit, this phenomenon can be measured with
impedance spectroscopy.

Relating these results to cycling capabilities and post-cycling EIS measurements, conclusions
can be drawn regarding the electrochemical dynamics and efficiency in these batteries.

The first battery concept was based on thin film solid-state batteries, as they possess qualities
regarding ease for mass-production, as well as being able to effectively reduce cell resistance
for solid electrolytes. Unfortunately, pasting thin films can also lead to film defects such as
pin holes, porosity or agglomerates if the deposition process is not optimized.

Mechanically pressing the solid electrolyte was the second option. Since sintering at 1600 °C
is necessary for Na-beta”-alumina to form a dense pellet, mechanically pressing the solid
electrolyte was a viable alternative. It would increase the amount of point contacts, therefore
developing a better ionically conducting network. Yet making the pellet thin enough, with
limited point contacts, while preventing pellet breakage, was highly challenging.

Finally, favourable contact was made by using an electrolyte slurry, combining Na-beta”-
alumina with ionic liquids to enhance contact while allowing the solid-state electrolyte to
take part in the ionic conduction. By using ionic liquid without dissolved Sodium salt,
improved point contacts could be a result of space-charge formation around the solid
electrolyte particles.

5.1 Electrochemical Impedance Spectra analysis

By using a standardized equivalent electrical circuit (Illustration 7) to translate the
Electrochemical impedance spectroscopy into electrical components, one can quantify the
behaviour and interactions in the cell. This can be done using resistances, capacitors and
inductors. Drawing a relation between these electrical parameters and the electrochemical
characteristic within the batteries is essential for credible conclusions.
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Y =110 TMha*s* (1)

R =527 10

Y0 = 412 nho*s N0 = 445 pMho*s*N0Q = 738 pMho*s*N
N =0735% M = 0LEOT M =052

Illustration 7. Equivalent circuit modelling the various interactions in the batteries using parallel RC
elements, as shown in 3.2.2.

EIS data is analysed using NOVA. For some of our measurements, invalid data points impede
a consistent fit. This can be caused by a number of interferences or disturbances. Since the
invalid data point cannot be deleted or changed in NOVA, the Windower can be added to
the original data. This allows us to exclude one or two points in the measurement
(containing 78 data points all related to a specific frequency response).

5.1.1 Organic electrolyte ECPC with 1M dissolved NaClOs salt series

The first concept we have studied is a battery concept with a tape casted cathode, followed
by a tape casted Na-beta”’-alumina coating. By tape casting over the first thin film, we
suppose this promotes the contact interface between electrode and electrolyte. By varying
the thickness of the coated electrolyte and the amount of added Sodium salt, our first
correlations regarding the effect of liquid addition on the Na-beta”-alumina particles can be
made. Finally, Sodium metal was added as anode.

Two series of batteries have been made, differentiated only by the Na-beta”-alumina particle
size. In order to compare all the reported data, we need to first analyse the contributions for
same size Na-beta”-alumina particles with various liquid additions to see if these behave
according to expectations. After doing this for both series, we can compare the behaviour of
the batteries with different electrolyte particle size and correlate these with the ratio of liquid
volume/mass of solid electrolyte to extract information regarding the liquid contribution to
the solid electrolyte. A correlation with the surface area would have been an attractive choice
because improving surface contacts is relevant, yet it would mean assuming a shape for the
Na-beta”-alumina particles, which would have been a rough approximation. By correlating it
simply to the mass, the contribution is more accurate.

5.1.1.1 Smaller BASE particles (63.30 nm) in tape casted electrolyte

In our first series, the electrolyte particles have been ball-milled with a binder material and
NMP for 4 hours. Analysis with the XRD showed a particle size for our solid electrolyte of
63.30 nm.
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Table 3. Overview of the studied electrochemical cells related to organic electrolyte for 4h ball-
milling, as well as physical properties of the cells.

liquid additive |solid electrolyte |[thickness after pasting |particle size additive/BASE
cm? mg pum pm nm nm cm®/mg
1drop=0.05mL=0.05cm3 NNM BASE NNM beta

4h milling - 63.3 nm BASE
140 pm 0.05 9.90 15 140 91.94 63.30 5.05E-03 1
55 pm 0.05 3.89 20 55 91.94 63.30 1.29E-02 2
87 um-2 drops 0.1 6.15 20 87 91.94 63.30 1.30E-02 3
30 pm 0.05 2.12 20 30 91.94 63.30 2.36E-02 4
87 um-3drops 0.15 6.15 20 87 91.94 63.30 2.44E-02 5

This table summarises the parameters with immediate relevance to the case at hand, leading
to the correlation between liquid additive volume NaClO, : ECPC and the mass of solid-state
electrolyte. It shows the amount of liquid added to the electrolyte, as well as the various
thicknesses of the electrolyte paste, particle sizes for both active cathode material P2-
Na,;5[Ni,;sMn.;5]O. (NNM) and Na-beta”-alumina (BASE). By assuming the cells have a
cylindrical shape, the volume of the cell was determined. Finally, the amount of liquid in
contact with solid electrolyte was determined. The ranking in red at the far right indicates
which cell has the highest volume of liquid per mass of BASE particle.

The following figures are the results of the EIS equivalent circuit fits, resistances and
capacitances related to electrochemical properties of the batteries. Not all fitted values from
the equivalent circuit are shown here. Factors unrelated to solid electrolyte interactions are
therefore reported in the Appendix.

5.1.1.2 Bigger BASE particles (67.37 nm) in tape casted electrolyte with lower
volume of liquid additives

For this second series, the Na-beta”-alumina particles are roughly 4nm bigger. These
batteries have also been analysed after cycling 100 times at a rate of C/10 (10 hours charging
and discharging), which will be discussed in a later chapter.

Table 4. Overview of the studied electrochemical cells related to organic electrolyte for 2h ball-
milling, as well as physical properties of the cells

liquid additive |solid electrolyte |thickness after pasting |particle size additive/BASE
cm? mg pm um nm nm cma/mg
1drop=0.05mL=0.05cm3 NNM BASE NNM beta

2h milling - 67.37 nm BASE
200 pm 0.05 14.14 12.5 200 91.94 67.37 3.54E-03 1
24 um-170 um 0.05 12.02 24 170 91.94 67.37 4.16E-03 2
100 pm 0.05 7.07 12.5 100 91.94 67.37 7.07E-03 3
75 pm 0.05 5.30 12.5 75 91.94 67.37 9.43E-03 4

With the same setup as previous sub-chapter, this series has been reported and plotted as a
function of the liquid contribution to the solid electrolyte. The left side indicates the
thickness of pasted electrolyte slurry, as well as a cell with a tape casted cathode twice the
regular thickness.

According to this table, liquid contributes the most to the bottom row, a cell with 75um thick
pasted BASE electrolyte. It should therefore also present the lowest resistance, as
conductivity is enhanced the most.
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5.1.1.3 Series with only ECPC organic solvent —no added NaClOs salt

In order to study the effect of Sodium salt on the cells, a similar series has been analysed, this
time excluding the additional salt. This will allow us to derive the NaClO, salt contribution.

Table 5. Overview of the studied electrochemical cells related to organic electrolyte ECPC, as well as

physical properties of the cells.

liquid additive[solid electrolyte|thickness after pasting particle size additive/BASE
cm® mg um um nm nm cm’/mg
1drop=0.05mL=0.05cm3 NNM BASE NNM beta
ECPC
24-170 um 0.05 12.02 24 170 91.94 67.37 | 4.16E-03 1
12.5-100 pm 0.05 7.07 12.5 100 91.94 67.37 | 7.07E-03 2
7.5-100 pm 0.05 7.07 7.5 100 91.94 63.30 |7.07E-03 3
12.5-75 um 0.05 5.30 12.5 75 91.94 67.37 |9.43E-03 4

Overview NaClO4: ECPC series

The issue with discussing individual results such as these, is the lack of a more general
overview. In order to compare the various series, we have plotted the electrical values of each
battery in the organic electrolyte series as a function of a contribution ratio (liquid
addition/mass of Na-beta”-alumina). The ratio is an indication of how much liquid per solid
particle is added, and can be seen as how much “help” is given to the solid particles to
improve battery interactions. Therefore, plotting the electrical values as a function of the
“contribution per particle” provides clearer insight on the enhancing effect of the liquid on
the Na-beta”-alumina particle.

Relectrolyte is the modelled resistance value for the current collectors, connectors and
electrolyte. Theoretically, with equal particle sizes for the bulk electrolyte in a solid-state
battery, the electrolyte resistance measured through EIS should be the same for solid-state
batteries (assuming equal thickness and defects). Using additives clearly influences the
resistance and therefore the conductivity of the electrolyte. It is interesting to note that the
“liquid-solid” ratio from Table 3 somewhat coincides with the modelled values. An increase
in Relectrolyte is directly related to a decrease in conductivity [151].
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Overview R, NaClO,:ECPC

9000 1

€ 8000
S~
G 7000 4
3 6000
c 1
5 5000
S 4000
~
é 3000 2
£ 2000 3/ 4 )
"2 1000 3 : 45
o

0

0 0.005 0.01 0.015 0.02 0.025 0.03
Liquid addition/mass BASE (cm3/mg)
—@—67.4 nm 63.3 nm 67.4 nm - ECPC

Figure 12. Overview of the electrolyte resistance Re for the three series done for NaClO, salt with
ECPC organic electrolyte. The numbers indicate the ranking in liquid addition per mass of solid
electrolyte. A higher number means a larger liquid addition.

For two series with the same particle size, we would expect a higher liquid addition to show a
lower resistance. This is indeed the case (except for the last data point of each series). Yet
when comparing both series, the series with added NaClO, should show lower resistance due
to the salt acting as an additional conducting agent. Surprisingly, both series are relatively
close to one another in regard to resistance per thickness.

We would also expect smaller particles to produce a higher resistance because these cells
would have more point contacts. Yet resistance remained low for all the cells in the 63.3 nm
series. This series had the lowest average thickness, which could explain this phenomenon. It
was also ball-milled twice as long, which could have resulted in a lower concentration of
defects in the coatings. Finally smaller particles could benefit more from the same amount of
liquid addition, enhancing the effective liquid contribution.

55



Overview R1 NaClO,:ECPC Overview C1 NaClO,:ECPC
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Figure 13. Overview of the Resistance R1 and capacitance C1 for the three series done for NaClO, salt
with ECPC organic electrolyte. The numbers indicate the ranking in liquid addition per mass of solid
electrolyte. A higher number means a larger liquid addition.
At high frequency, the EIS response usually pertains to the Solid Electrolyte Interphase (SEI).
These results would indicate that adding liquid reduces the SEI (lower R1 and higher C1), yet
SEI formation results from irreversible electrochemical decomposition of the electrolyte.
More electrolyte would then result in a larger SEI formation. This leads us to believe these
figures are the result of overlapping phenomena.
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Figure 14. Overview of the Resistance R2 and capacitance Cz for the three series done for NaClO, salt
with ECPC organic electrolyte. The numbers indicate the ranking in liquid addition per mass of solid
electrolyte

For the medium frequency characteristics, the resistance plot Rz is generally attributed to the
charge transfer resistance. This resistance should only pertain to the ability of the electrodes
to transfer their electron charges to the current collectors. Smaller cathode particles would
result in a larger surface area, so more effective transfer. The orange curve indicates a lower
resistance for all the cells, substantiating this hypothesis.
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Resistance / thickness (Q/cm)

For a larger concentration of organic electrolyte ECPC with NaClO, salt, the resistance
decreases, indicating the contribution of the organic electrolyte. The Figure indicates that
capacitance is highest for the thickest and thinnest batteries with 67.3nm BASE particles
(and little liquid addition), while the series with smaller particles presents similar
capacitance even though the amount of added liquid is much higher. This indicates that the
charged layer around the small particles is saturated. Increasing the concentration for bigger
particles could result in a larger double layer capacitance. The capacitance values indicate
not only a relation with the liquid addition, but also with the amount of BASE. Increasing the
amount of BASE generally increases the capacitance. A large amount of BASE and added
liquid naturally results in a high capacitance and low resistance (far right of Figure). These
results indicate that charge transfer improves with our liquid to solid ratio, and double layer
capacitance also increases with addition of ECPC with NaClO, salt.

Diffusion is often characterized by the Warburg element at low frequency, yet transport
phenomena could not be simulated accurately for the EIS measurements using only the
Warburg element. Thus, low frequency phenomena had to be modelled using a resistance,
capacitance and a Warburg element, which is a form of admittance.
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Figure 15. Overview of the Resistance R3 and capacitance C3 for the three series done for NaClO, salt
with ECPC organic electrolyte. The numbers indicate the ranking in liquid addition per mass of solid
electrolyte.

Mass transport should be directly related to the thickness it needs to go through. The
diffusion resistance relates to the path length L and the diffusion coefficient D of BASE,
according to the diffusion path length (L2/D). For a thicker battery, it is harder to move to
the other side than for a thinner one (in the same amount of time).
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Figure 16. Warburg coefficient for Na* ion through the batteries for the 63.3 nm series.

The diffusion of the low frequency third semi-circle for the 63nm BASE series indicates that
the equivalent circuit parameter relating to diffusion is related to the organic electrolyte
addition, and not the cell thickness.
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Figure 17. Warburg coefficient pertaining to ionic diffusion through the cells.

The three plots in Figure 15,16 and 17 are highly relevant to our subject, as they give a direct
indication of the ease of ionic transport though the system. Particle size and liquid addition
directly influence this phenomenon. The resistance R3 indicates that the NaClO,:ECPC series
with 67.4 nm BASE particles is indeed more conducting than without NaClO, added salt,
while decreasing the particle size increases the relative resistance and increasing the liquid
addition showed a marginal effect. Only reducing the electrolyte thickness resulted in
distinct resistance improvement. This can be explained by the diffusion length (L*/D)
discussed earlier. The third cell of ECPC series had in fact 63.3 nm BASE particles, showing a
distinctly lower resistance than the others.

The reported capacitance for C3 indicates a clear correlation between liquid addition and
increase in capacitance for the 67.4 nm series. The 63 nm BASE particle series highlights an
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interesting phenomenon when looking at the difference between cell 4 and 5. While both
cells have similar added volumes relative to the BASE mass, cell 5 has a distinctly lower
resistance and capacitance. This leads us to believe the sheer amount of added NaClO, salt is
solely responsible for the decrease in resistance and capacitance.

Finally the Warburg element presents a higher ionic diffusion for the NaClO,:ECPC series
with 67.4 nm BASE particles than without salt, indicating that NaClO, facilitates ionic
transport as predicted. This indicates that Diffusion is dictated by the amount of organic
electrolyte ECPC with NaClO, salt. Yet, a clear statement cannot be made about the relation
between electrolyte particle size and Na* transport, as the 63.3 nm series does not present a
clearly higher impedance, as would be expected due to more point contacts.

5.1.2 Series with TES-TFSl ionic liquid

After analysing the concept with tape casted Na-beta”-alumina pasted on top of the cathode
thin film, the actual contribution of the Na-beta”’-alumina particles should be examined. This
can be done by using only BASE particles as electrolyte by mechanically pressing the powder
into a pellet. The point contacts with dominate the impedance, which is why an addition of a
few drops of ionic liquid without Sodium salt can facilitate transport.

The idea behind this concept, is to use the Na*ions present in the Na-beta”’-alumina by
“drawing them out” of the particle. The ionic liquid has a different chemical potential
compared to Na-beta”-alumina, which results in the Na* ions being drawn out of the solid
particles. The ions have a higher affinity with the ionic liquid due to a lower energetical state.
It is conceptualized that these ions would form a charged layer on the surface of the
particles, facilitating ionic transport and enhancing contact between the particles, without
the need for sintering at high temperature. A slurry concept with a form of pasted ionic
liquid: BASE slurry is also experimented with to attempt a better interphase contact.

Table 5. Values for the TES-TFSI series, relating volume of ionic liquid TES-TFSI addition to the mass
of the solid electrolyte BASE.

liquid dsolid electrolfthickness after pasting particle size additive/BASE
cm® |mg pm pum nm nm cm’/mg
1drop=0.05mL=0.05cm3 NNM BASE NNM beta

TES-TFSI slurry/pellets
lislurry slurry 0.15 450 30 530 101.95 67.37 3.18E-13 1
TFSInormal slurry 0.15 450 30 530 101.95 67.37 3.18E-13 1
3,51L beta pellet 0.175 430 25 1000 101.95 67.37 3.89E-13 2
4IL beta pellet 0.2 430 30 1000 101.95 67.37 4.44E-13 3
TFSIslurry slurry 0.515| 719.95 8 750 101.95 67.37 6.83E-13 4
6IL beta pellet 0.3 400 30 1000 101.95 67.37 7.16E-13 5
TFSIsmall slurry 0.15 450 30 530 101.95 35.56 1.14E-12 6
3IL-Small beta pellet 0.15 430 30 1000 101.95 35.56 1.19€E-12 7
3IL-Big beta pellet 0.15 430 30 1000 101.95 32.30 1.45E-12 8

The measured elements from the modelled equivalent circuit are plotted hereafter. Values
have been derived for both pre and post-cycling in order to assess the evolution of the system
after cycling.

59



R electrolyte - TES-TFSI

600
513
500
S 400
s 326
>
3 300 284
S 208
@ 200
o
112
100 81.3 5
121,22 25 o3 162 1864 153 3.8237
0
A A N \% % %
& & & g q;?\ » < Q,o@ o,o@ &R
¥ & & &° o v A
& < < Electrochem. cell P\ P\
simulation fit pre simulation fit post

Figure 18. Resistance relating to the first resistance element of the equivalent circuit modelling, Re, for
the TES-TFSI series. This resistance is attributed to the electrolyte resistance, directly related to
conductivity.

The Relectrolyte plot in Figure 18 indicates that the resistance increases more post cycling when
less ionic liquid TES-TFSI was added, pointing towards a form of passivation for higher IL
addition. The cells with smaller particle size (far right) also stand out due to a resistance that
is far superior to the others. This can be attributed to the higher surface area and amount of
point contacts that is far superior for these batteries. Nevertheless, the cell with 32.3nm BASE
particles shows a lower resistance than for 35.6nm. This could be a result of the ionic liquid
addition. Yet all the other batteries in the series possess an electrolyte particle size almost
twice as large (67.4nm), which contradicts the previous reasoning.

In order to compare the effect of additives on the particle size of the electrolyte, each electric
value of the batteries has been correlated to the ratio volume of liquid addition/mass of Na-
beta”-alumina
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Overview R, TES-TFSI
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Figure 19. Overview of the electrolyte resistance Re for pellet and slurry series done with the ionic
liquid TES-TFSI without added salt. The numbers indicate the ranking in liquid addition per mass of
solid electrolyte. A higher number means a larger liquid addition.

By normalizing all the gelectrolyte Values by dividing them by the thickness of the electrolyte in
the cell, the electrolyte can be analysed without the impeding thickness factor.

According to the Reiectrolyte OVerview for TES-TFSI in Figure 19, it is clear that the slurry
concept reports lower resistance values for the electrolyte compared to the pellet. Take #4
slurry and #5 pellet, for the same amount of ionic liquid addition, the resistance is tenfold.
With mechanically pressed pellets, the ionic liquid would seep between the pressed particles
to form a similar layer around the BASE particles as for the slurry. This would indicate that
the conductivity through the electrolyte is improved solely by the conceptual difference
between slurry and pellet, probably relating to the ionic liquid coverage in the electrolyte.

For the high frequency and medium frequency, the time constants are attributed to SEI,
charge transfer resistance and double layer capacitance. These parameters are not dependent

on the thickness of the electrolyte. Therefore, they shall only be plotted versus the measured
data (R and C).
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Figure 20. Overview of the Resistance R1 and Capacitance Ci for the pellet and slurry series done with
the ionic liquid TES-TFSI without added salt. The numbers indicate the ranking in liquid addition per
mass of solid electrolyte. A higher number means a larger liquid addition.
The high frequency values measured here (R1 and C1) are generally attributed to SEI. Ionic
liquid addition or electrolyte particle size should not influence this factor. The resistance plot
in Figure 20 shows that for the slurry concept, liquid addition barely influences the resistance
for this time constant, while resistance increases for the pellet concept.
The capacitance plot in Figure 20 clearly distinguishes both concepts. The slurry presents a
steady higher capacitance compared to the pellet concept. This can be due to the interface
difference between both concepts. When using a pellet, the electrode-electrolyte interface
contact is much worse than when using a slurry. This should also show for the resistance plot
Ry, but is not quite clear.
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Figure 21. Overview of the Resistance R2 and Capacitance Cz for the pellet and slurry series done with
the ionic liquid TES-TFSI without added salt.
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The mid-frequency range resistance Rz in Figure 21 indicates that increasing liquid addition
barely influences the resistance. This coincides with the attribution of this time constant to
charge transfer capabilities. The charge transfer resistance should be influenced solely by
particle size of the electrode material, which relates to electron transfer from the electrode to
the current collector.

Capacitance plot C2 indicates that a similar capacitance is reached for the pellet compared to
the slurry, by adding slightly more ionic liquid. Yet for a same BASE particle size, the slurry
once again proves to be more performant.

When comparing particle sizes and a potential correlation with a space-charge layer, a

smaller particle size should have a higher ionic liquid effect, so potentially more space charge

effect than a bigger particle. In our case, it is hard to say definitively, as the increased
capacitance for the smaller particle cells could also be related to the additional ionic liquid
present in that system. A concept should be formulated, where all cells have the same liquid
to solid ratio. A clear conclusion could be derived from such a concept.

It is possible that the different concepts have influenced the electrochemical interactions

between the particles. Indeed, the slurry concept shows much lower resistance compared

with the pellet concept, with a somewhat higher capacitance. This could be an indication

that the point contacts in the pellet are still dominant, and the ionic liquid provides
insufficient support to alleviate this.
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Figure 22. Overview of the Resistance R3 and capacitance C3 for the series done with ionic liquid
TES-TFSI without added salt. The numbers indicate the ranking in liquid addition per mass of solid
electrolyte.

A general pattern for the resistances in Figure 22 concurs with the rest of the resistance
measurements, showing that the pellet series has a higher resistance than the slurry
resistance. This is to be expected. The Capacitance C3 may indicate that the capacitance is
similar for low addition of ionic liquid, while a high addition of liquid results in a capacitance
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100-fold higher for the slurry concept. The particle size difference and relating
electrochemical effects cannot be attributed either to the difference in surface area or the
liquid addition. Again, a specific design relating to the surface area of the particle should be
developed, only after unravelling the shape of the BASE particles.
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Figure 23. Low frequency equivalent element Warburg for the TES-TFSI ionic liquid series; pertaining
to ionic diffusion through the cells.

In Figure 23, the slurry with smaller particles shows a lower diffusion compared to the regular
slurries. This could be an indication that the conduction path is still through the BASE
particles, and that smaller particles impede ionic diffusion due to the increase in point
contacts. It could be in relation to point defects in the solid electrolyte, or the promotion of
side-reactions for particles with a higher surface area. In smaller particles, one defect could
have a much larger impact than for bigger particles, where the ions can still diffuse through
side-channels. The effect of a side-reaction has an equally large impact, as a similar impeding
reaction would impede the smaller particle more.

The resistance plot R3 confirms this theory, as the pellet concepts also show a high resistance
for the cells with smaller BASE particle compared to the regular pellets.

The Warburg element shows extremes on both sides, which is related to the modelling
accuracy. Since the low frequency impedance measurement has overlapping transport
phenomena, it is challenging to extract a clear Na* diffusion value. Further study should be
done based on a concept solely focussing on deriving the impact of ionic liquid on the

diffusion.

64



5.1.4 Series with Pyri4FSl ionic liquid

A second series with a different ionic liquid, Pyr,,FSI, has been done. Since the pellet clearly
performs worse than the slurry, the latter was pursued further. By using a different ionic
liquid (still without added Sodium salt), the degree of “enhancement” can be compared.
Pyr,,FSI was reported to be the “magic” ionic liquid [152], reporting positive results and the
formation of a protective SEI layer. It also showed great promise when used in combination
with Na-beta”-alumina pellet, reporting high cyclability at 70 °C [101]. Therefore, it was
chosen as the ionic liquid for our second attempt at testing the interactions between ionic
liquid and Na-beta”-alumina particles in Sodium electrochemical cells.

With a different chemical potential vs Na* than TES-TFSI, Pyr,,FSI may shed some light on
the difference in interaction with the solid-state Na-beta’-alumina electrolyte particles, and
the potential space-charge effect in particular. It is conceptualized that these ions would
form a charged layer on the surface of the particles, facilitating ionic transport and
enhancing contact between the particles, without the need for sintering at high temperature.
With a higher affinity towards Na* ions, a larger space charge effect may be observed and
potentially measured using EIS.

Table 6. Overview of the physical data related to the Pyry,FSI series. The ranking at the far right
indicate the degree of additive added per solid state electrolyte surface area. This ranking will be used
to differentiate the various cells.

liquid additive  [solid electrolyte |thickness after pasting particle size additive/BASE
1drop=0.05mL=0.05cm3  |cm?® mg um um nm nm cm®/mg
EIS-pyr2.5-base7.5-0cp2.67\ slurry 0.13 510 30 580 101.95 67.37 2.54E-04 1a
EIS-pyr14-betadry(7.5-2.5)(Cslurry 0.13 510 30 580 101.95 67.37 2.54E-04 1b
EIS slurry pyrl4-base slurry 0.13 510 30 580 101.95 67.37 2.54E-04 1c
pyrldslurry++(2.56VOCP)  slurry 0.22 633 8 710 101.95 67.37 3.48E-04 2
slurryPyrl4-beta(2.84VOCP) slurry 0.21 578 10 650 101.95 67.37 3.59E-04 3
EIS-PyrnormalSlurry-2.56V  slurry 0.14 383 30 440 101.95 67.37 3.73E-04 4
EIS-PyrsmallSlurry-2.6V slurry 0.14 383 30 440 101.95 35.56 3.73E-04 5:35.6nm
pyrl4slurryTHICK(2.59VOCP) slurry 0.24 598 40 680 101.95 67.37 3.96E-04 6
EIS-NNM-Pyr14FSIslurryBASE: slurry 0.15 320 30 441 101.95 67.37 4.72E-04 7
betapellet-NNMslurry(2.82V pellet 0.15 250 100 500 101.95 67.37 6.00E-04 8
BASEpellet0.5mm(2.5VOCP) pellet 0.15 250 100 500 101.95 67.37 6.11E-04 9

In order to present a well performing battery using the concepts initially thought of, the
various impeding factors are once more investigated.

Cells 1.c and 3 have not been able to be measured post-cycling, as they short circuited before.
A short-circuited battery does not render an impedance spectrum (impedance is then o).
This short-circuit was most likely due to the assembly process. Making a battery comprising
an electrolyte slurry implies that the slurry is not fully solid. Upon pressing the cell together
when assembling the components, potential contact between cathode and anode could have
happened. This contact could also have occurred overtime, as both sides of the Swagelok cell
press the contents together for maximal contact strength.

The reason a few of these cells (1a,b,c) have the same “recipe” is due to the fact that a
reproducible result and working battery was hard to achieve for this series. This was found to
be related to the fact that the Na-beta”’-alumina had absorbed water (1a and 1c). BASE is a
strong desiccant, and overtime the Na*ions had been replaced by H* from the water in the
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environment. This led to side-reactions during the assembly of the battery, which would only
be remedied by a drying process at 600°C for a prolonged period of time.

This water absorption was hard to detect, and did not show on the impedance measurement
or in the X-Ray Diffractometer. This is logical, because protons are not a crystal.

The water absorption should have shown in the EIS however, as moisture absorption severely
reduces the ionic conduction of the material. Indeed, the Na* ions that should be able to hop
through the layers of beta”-alumina, were impeded due to their positions being occupied by
the hydrogen.
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Figure 24. Resistance relating to the first resistance element of the equivalent circuit modelling, Re, for
the PyryFSI series. This resistance is attributed to the electrolyte resistance, directly related to
conductivity.

The addition of ionic liquid on the system lightly affected the electrolyte resistance, as
observed in Figure 24. Yet the improvement between cell 2 and cell 7 is only visible post-
cycling. The resistance post-cycling is lower for the cells on the right than the ones on the
left. This can be attributed to the liquid addition, as the other parameters remained
unchanged. Cell 5 had a BASE particle size almost twice as small as the rest, yet the
resistance pre-cycling was still low, relatable to Cell 1a (the cell with wetted solid electrolyte).
The resistance post-cycling however, indicated a strong evolution during the cycling. This
can be caused by the relative higher surface area of smaller particles, promoting side-
reactions, or contaminants in the ball-mill (used to reduce the particle size). Cell 1b, as well
as cells 6 and 7, reported a lower resistance post-cycling compared to pre-cycling. This would
indicate an improvement in the conductivity, caused by passivation layer forming or a
favourable ionic conduction path.

It can be noted that cells 4-5 have the same liquid/mass ratio, yet the resistance for the
smaller particle is 4 times greater. This indicates that the bigger particle should work better,
implying that the solid electrolyte bulk provides the dominating conductivity.
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The pellet concepts were once more tested, resulting in acceptable electrolyte resistances for
pre and post-cycling.

A cell with a separator and no Na-beta”-alumina was also tested with an addition of ionic
liquid. With no added Sodium salt, it is surprising that this cell still shows a potentially high
conductivity.
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Figure 25. Overview of the electrolyte resistance Re for pellet and slurry series done with the ionic

liquid Pyr,FSI without added salt. The numbers indicate the ranking in liquid addition per mass of
solid electrolyte. A higher number means a larger liquid addition.

By normalizing all the gelectrolyte Values by dividing them by the thickness of the electrolyte in
the cell, the electrolyte can be analysed without the impeding thickness factor, in Figure 25.

According to the Relectrolyte OVerview for Pyr,,FSI, we can observe that an increase in liquid
addition per mass of BASE decreases the resistance Relectrolyte. This trend is visible for the
slurry series, and to some extent for the pellet series. The decrease in Relectrolyte With liquid
addition indicates that the ionic liquid contributes to the electrolyte conductivity, even
though it does not have a dissolved Sodium salt at the moment of assembly.

A decent reproducibility is shown with the three cells 1a,b and c. It is also interesting to note
that for those three cells, only 1b has thoroughly dried components. This leads us to believe
that EIS does not show evidence of decrease in conductivity when BASE is in contact with
water, contrary to what was expected. Cycling shown in a later part of the Thesis will show
evidence of corrosion for the cells 1a and 1c, while 1b showed acceptable cyclability as well as
no evidence of corrosion. In-situ analysis could unravel the mechanisms linked to this
corrosion, but we can ascertain that it is related to moisture contamination.

A trend also appears when looking at cells 2 through 7, as they appear to have related
Relectrolyte Values. This points toward a form of liquid saturation, as the contribution relating to
the ionic liquid does not increase further.

When looking at cell 5 with a BASE particle size of 35.6 nm instead of 67.4 nm, we can see a
relatively higher resistance. This is to be expected, as a smaller particle results in higher
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surface area, thus more point contacts. For the same liquid addition, Reiectrolyte is four times
greater for a particle roughly twice as small. This could be an indication of a surface area
correlation; for a particle twice the size, the contribution is squared (22).

We can also observe that the pellet series shows a similar resistance at double the liquid
addition.

For the high frequency and medium frequency, the time constants are respectively attributed
to SEI for high frequency, and charge transfer resistance and double layer capacitance for
medium frequency. These parameters are not dependent on the thickness of the electrolyte.
Therefore, they shall only be plotted versus the modelled data for R1 and Ci.
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Figure 26. Overview of the Resistance R1 and capacitance Ci for the pellet and slurry series done with
the ionic liquid PyryFSI without added salt. The numbers indicate the ranking in liquid addition per
mass of solid electrolyte. A higher number means a larger liquid addition.

The high frequency values measured here (R1 and C1) are generally attributed to SEI. lonic
liquid addition or electrolyte particle size should not influence this factor.

The resistance plot R1 shows that for the slurry concept, liquid addition slightly improves the
resistance for this time constant, while resistance increases for the pellet concept. This is to
be expected, as the SEI should only be influenced by electrode-electrolyte interphase
parameters. If the resistance values were to change as a function of liquid addition, it would
be evidence of a side-reaction provoked by the ionic liquid.

The pellet concept shows a resistance almost a thousand-fold compared to the slurry. This
brings into evidence the electrode-electrolyte interphase contact issue relating to solid-state
batteries, which is highlighted here when comparing slurry and pellet.

A clear statement regarding the influence of particle size cannot be made for this parameter.
However, the dry BASE slurry shows a somewhat lower resistance at the interphase, which
could be related to the absence of corrosion in the cell.

The capacitance plot highlights the particle size variation. The slurry presents a steady higher
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capacitance compared to the pellet concept, except for the dry BASE cell 1b and the smaller
particle cell 5. This can also be attributed to the interface difference between both concepts.
The excess capacitance shown by the cells could be related to the moisture contamination.
The very low capacitance C1 for cell 5 can be related to the concept of reactive power. Indeed,
if a system (in our case the BASE particles) requires a certain amount of reactive power to
function, smaller particles would require less reactive power to function. Similarly, a more
performant particle (dry BASE) would also require less reactive power to fulfil its conducting

purpose.
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Figure 27. Overview of the Resistance R2 and Capacitance Cz for the pellet and slurry series done with
the ionic liquid Pyr,FSI without added salt. The numbers indicate the ranking in liquid addition per
mass of solid electrolyte. A higher number means a larger liquid addition.

The mid-frequency range resistance Rz in Figure 27 shows that liquid addition barely
influences the resistance. This coincides with the attribution of this time constant to charge
transfer capabilities. The charge transfer resistance should be influenced solely by particle
size of the electrode material, which relates to electron transfer from the electrode to the
current collector.

It should be noted that the pellet concept reports a higher resistance despite having the same
charge transfer competences as the slurry concept. This could be explained by overlapping
phenomena. Seeing as the pellet concept has proven to have higher resistances, it is possible
that the reported resistance Rz is actually an overlapping phenomenon. This could be due to
an overlapping higher mass transport resistance. This would be more prominent for the
pellet concept (relating to the slurry concept) due to the intrinsic properties of the
mechanically pressed concept.

We should also address the lower resistance R2 of the smaller particle size of cell 5. Seeing as
charge transfer is not related to the electrolyte particle size, the reported resistance could
also be related to an overlapping impedance contribution. Even though it is challenging to
pinpoint why the resistance is lower for cell 5, it does indicate that smaller BASE particles
would perform better than bigger ones.
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Capacitance plot C2 indicates that a similar capacitance is reached for the pellet compared to
the slurry, by adding almost twice the volume of ionic liquid. Yet for a same BASE particle
size, the slurry once again proves to be more performant.

A difference can be noted however. The capacitance Cz is 10 times smaller post-cycling for
the bigger particle cells (Appendix), while the capacitance for the smaller particles remained
constant. This points toward a higher stability for the double layer capacitance around the
smaller particles. The charges in the double layer for the bigger particles could have been
neutralized by other charges present in the bigger particle outer layers, while all the charges
have been fully extracted from the smaller particles.

When comparing particle sizes and a potential correlation with a space-charge layer, a
smaller particle size should have a higher ionic liquid effect, so potentially more space charge
effect than a bigger particle. This logic does not seem to apply here, as the smaller particle
cell 5 shows the opposite. The lower capacitance for C2 is similar to the behaviour for (i, as
are the patterns for both figures, pointing towards an overlap in the phenomena for C1 and
C2. Thus, the overview for C2 indicates the same phenomenon as for Ci1, that a smaller
particle would require less reactive power to fulfil its ionic conductivity function.

Even though the C2 overview does not support the potential correlation between space
charge and particle size, it does highlight the flaws relating to EIS. It also illustrates why one
should not attribute the modelled electrical components to electrochemical phenomena
light-heartedly, without previously accurately proving its existence.

A concept should be formulated, where all cells have the same liquid to solid ratio. A clear
conclusion could be derived from such a concept.
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Figure 28. Overview of the Resistance R3 and capacitance C3 for the three series done series done with
the ionic liquid Pyr,,FSI without added salt.

For the Pyr,,FSI ionic liquid series, the low frequency part of the Nyquist plots (high time
constant) presents a few interesting points. First of all, resistance R3 indicates a clear
correlation between ionic liquid addition to resistance for the slurry concept, while the pellet
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concept just shows the same pattern previously observed: a higher impedance than the slurry
concept. For the slurry concept, the higher the liquid addition, the more it decreases the
resistance. This points toward a promotion of mass transport for increasing IL addition. The
smaller particle also shows a lower resistance, which can be explained by the larger ionic
liquid contribution in relation with the surface area. This would indicate that ionic transport
is promoted by increasing the surface area of the BASE particles, thus increasing the
interaction that Pyr,,FSI has with the solid electrolyte.

The general pattern for the resistance concurs with the rest of the resistance measurements,
showing that the pellet series has a higher resistance than the slurry resistance. This is to be
expected. However, the Capacitance C3 presents the same pattern as for C2 and C1. It shows a
similar capacitance for all the cells, in spite of additional ionic liquid. Yet, cell 5 still reports a
smaller capacitance, explained for the previous figures.
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Figure 29. Low frequency equivalent element Warburg for ionic liquid Pyr.,FSI series; pertaining to
ionic diffusion through the cells.

The pellet concept indicates an inverse correlation between resistance and capacitance. The
higher the capacitance, the lower the resistance, yet almost equal Warburg impedances. This
concurs with the behaviour in the organic electrolyte series, but not the TES-TFSI series. This
inconclusive behaviour can be attributed to the circuit modelling. The low frequency part of
the spectrum is always more challenging to simulate and fit, therefore the resulting values are
not as accurate as for the high and medium frequency part of the spectrum. A clear
conclusion cannot be drawn regarding this correlation for the pellet concept. The pellet cells
both failed during cycling, meaning the values drawn from these EIS measurements should
be taken lightly.

From the Warburg admittance in Figure 29, we can derive one clear piece of information. The
smaller particle presents a much lower ionic diffusion. This is unlike what we expected, yet it
concurs with the previous TES-TFSI series. Indeed, the intrinsic diffusion constant is scale
dependent and significantly reduced at large particle size. A smaller particle presents a
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smaller diffusion path and nanosizing should therefore improve ionic transport. Yet the
contrary is observed. This is certainly related to the particle size reduction, yet the cause is
unclear. It could be in relation to point defects in the solid electrolyte, or the promotion of
side-reactions for particles with a smaller surface area. In smaller particles, one defect could
have a much larger impact than for bigger particles, where the ions can still diffuse through
side-channels. The effect of a side-reaction has an equally large impact, as a similar impeding
reaction would impede the smaller particle more.
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5.2 Cycling electrochemical cells at 0.1 C-rate

After analysing the dynamics inside the electrochemical cells, they were put through a
sequence of charge-discharge cycles. This was done in order to evaluate whether the reported
impedance parameters were in line with reality. If this would be the case, the batteries with
higher reported conductivities, better charge transfers and better ionic diffusion would result
in the better performing batteries. This procedure also allows us to assess the effect of
electrolyte thickness on the aging of the battery. Charging and discharging results in volume
change within the battery, giving rise to fatigue and aging, ultimately resulting in a less
performant battery.

Coulombic efficiency is literally accounting for the amount of charges available in the cells,
as a ratio of the amount of charges after discharge divided by the amount of charges of the
previous charging (see paragraph 2.1.2)

Faradaic losses in electrochemical cells are due to charged particles participating in
(unwanted) side-reactions, producing compounds that could either be beneficial or
detrimental to the efficiency of the battery. These charges, which should be accessible as the
battery capacity, are now unusable, effectively reducing the battery capacity.

Faradaic losses are not the only form of energy loss, overpotential also reduces the overall
efficiency of batteries. Where coulombic efficiency accounts for number of charges,
overpotential assesses the additional voltage (potential) necessary to extract the charges

Energy efficiency is also extremely relevant when assessing energy storage in batteries.
Energy loss is related to internal resistances and thus overpotential, which is a more apt
description of the efficiency of a battery than coulombic efficiency, which only accounts for
charge transport. Energy efficiency is consequently typically lower than coulombic efficiency.
Yet both of these values can be misleading, as they do not account for the overall amount of
energy stored in the battery, merely the ratio of discharge versus charge. So even a poorly
performing battery that charges and discharges poorly can have a high coulombic and energy
efficiency, seeing as the difference between the two is minimal. Showing percentage would
not quantify the amount of energy transferred or initially lost. By plotting the energy
difference and the actual amount of energy stored, one can more accurately assess the
battery performance.

The C-rate is set at C/10 for all charging-discharging cycles. This is done in order to study the
electrolyte efficiency and possible side-reactions (also relating to the particle size variation)
rather than a high C-rate which would put the accent on the insertion mechanism in the
electrode active material NNM.

For the sake of the reader, the assessment of battery efficiency will only take into account the
highest stored energy battery, as well as the battery with the smallest difference between
charge and discharge energy. This will also provide more clarity than a complete assessment
of all the cells. The remaining cells can still be viewed at the end of this Thesis, in the
Appendix.
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5.2.1 Adding ECPC with 1M NaClO4 — 63.3 nm BASE particle size

The most important characteristic of an electrolyte is its capability to vehicle ions from one
electrode to the other (while impeding electrons). The aim of these series of tests is to
evaluate whether the solid electrolyte can facilitate this function alone, seeing as it is not a
dense pellet but merely a series of particles loosely in contact with each other. For Sodium
cells, NaClO,: ECPC is reported to be an excellent organic electrolyte due to the formation of
a conducting passivation layer, and will therefore be the starting point of our study.

For these electrochemical cells, the mass of active material present in the cathode is 1.125mg.
For a reported capacity of 8omAh/g when cycling between 2.5-4.1V, this yields a maximal
capacity of 1x10* mAh/cell.

87um - 3drops of added NaClO, : ECPC liquid solution

The first battery presented is the one with the highest concentration of added organic
electrolyte (5™ in Table 3). It should show the highest cyclability because it has the highest
addition of liquid per mass of BASE. Anyhow, the organic electrolyte is sufficient to vehicle
Na* ions back and forth, without requiring interactions with BASE.

Charge-Discharge profile
87um-small-3dropsNaClO,

4.3
4.1
3.9
__ 37 Cycle 1 Charge
% 35 Cycle 1 Discharge
Q0
% 33 Cycle 5 Charge
= 3.1 Cycle 5 Discharge
2.9 Cycle 100 Charge
2.7 Cycle 100 Discharge
2.5 e Theoretical
0 5 10 15 20 25 30 35

Capacity (mAh/g)

Figure 30. Charge-discharge voltage profile for the battery with 87um tape casted BASE and 3drops of
added NaClO, : ECPC liquid solution, as well as the theoretical phase changes of the cathode material
during charging.

Theoretical plateaus for phase shift within the cathode material occur at 3.43V, 3.63V and
4.22V, illustrated in Figure 30. A separate study could be made regarding the effect of liquid
addition on the degree of overpotential observed. Naturally, charging the cells at a lower rate
would reduce the overpotential. Yet in order to study the quality of the charge-discharge
curve, a set C-rate must be defined. In our case, the C-rate is set at C/10.
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Figure 31. The coulombic efficiency (left) and Energy difference (right) for the 87um - 3drops of added
NaClO, : ECPC liquid battery.
Even though the Coulombic efficiency reaches 99% after the first cycle (Figure 31), the energy
efficiency indicates that the stored energy reaches a maximum after 15 cycles, with a constant
margin between charging energy and discharging energy of 7.9 x 10 Wh. Furthermore, the
stored energy and relating capacity remain constant over the course of the 100 first cycles.
This validates the extremely high reported cyclability. Unfortunately, this cell shows a
capacity reaching 30 mAh/g active material, 37.5% of the theoretical capacity
55um - 1 drop of added NaClO, : ECPC liquid solution
This electrochemical cell is labelled 2" in the liquid to mass ratio in Table 3, while the cell
previously shown is ranked 5. Having a lower organic liquid addition, this cell is expected to
perform less efficiently than the previous one.
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Figure 32. The coulombic efficiency (left) and Energy difference (right) for the 55um - 1drops of added
NaClO,: ECPC liquid battery.
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Using this approach, it is now more evident that the energy stored by the 87um-3drops cell is
highest (1,2 x 10* Wh), while the 55 um-1drop shows the highest efficiency with the lowest
charge discharge energy difference (6 x 10°Wh), displayed in Figure 32. The only difference
between these cells can be observed for the low frequency values of R3 and C3, in Figure 15.
The cell ranked 2™ (lower volume/mass addition), 55um, presents a higher resistance and
capacitance at low frequency, indicating lower mass transport characteristics. This could
explain that less ions have been transported. The higher efficiency of the 55um cell could be
explained by the difference in thickness, shorter ionic transport relating to a higher efficiency
for cycling.

5.2.2 Adding 1M NaClO4: ECPC with 67.4 nm BASE particle size

The following cells are ranked 4 and 1** in the relating Table 4, meaning the highest and
lowest volume of added liquid/mass of BASE respectively. The only difference between both
cells is the thickness of the tape casted electrolyte, 75 pm and 20oum respectively.

7sum - 1drop of added NaClQO,: ECPC liquid solution
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Figure 33. Charge-discharge voltage profile for the battery with 75um tape casted BASE and 1drop of
added NaClO, : ECPC liquid solution.

Figure 33 shows the Charge-Discharge curve for the 75um-1dropcell, the cell with 67.4nm
BASE particles and the highest relative volume of additives. It gives an appreciation for the
lack of capacity loss, even after 100 cycles. This highlights the performance of 1 M of NaClO,:
ECPC as an organic electrolyte. It also reaches 6.7 x10° mAh/cell, 67% of theoretical capacity.
The cathode thin film was measured to be thinner for the 67.4 nm series, with the same thin

76



Efficiency (%)

Efficiency (%)

104
102
100
98
96
94
92
90

film weight of 1.125 mg of active material. Yet it presents a higher capacity. This could
indicate that the active material loads more efficiently for thinner films, but more likely a
slight variation in the preparation and tape casting method, resulting in a slightly smaller
active material particle size and associated better ionic diffusion in the active material.
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Figure 34. The coulombic efficiency (left) and Energy difference (right) for the 75um - 1drops of added
NaClO,: ECPC liquid battery.
Figure 34 indicates that the 75um-1drop has its lowest charge discharge energy difference
(114 x 105 Wh) at 25 cycles, even though the Coulombic efficiency does not increase past
98.5%. The energy storage quickly rises to 2.25 x 10* Wh and remains constant during the 100
cycles.
20o0um tape casted BASE with particle size of 67.4 nm and 1 drop of NaClO, : ECPC solution
Coulombic efficiency Cycled energy
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Figure 35. Coulombic efficiency (left) and energy figure (right) for an electrochemical cell with 200 pm
tape casted BASE coating, with NaClO, : ECPC addition.
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In Figure 35, the energy stored by the 20opm-1drop cell is highest at 2.2 x 10* Wh, with a
Coulombic efficiency close to 100% after 10 cycles and an energy difference of 1.35 x105 Wh;
while the 75pum-1drop shows an equally high stored energy, but with higher consistency and
the highest energy efficiency with the lowest charge discharge energy difference (1.1 x 105
Wh) at 25 cycles.

These are interesting findings, as they indicate that the batteries with smaller BASE particle size
(63.3nm) present a relatively higher energy efficiency compared to the batteries with bigger BASE
particle size (67.4nm). One could present the argument that this is the case due to the smaller BASE
series storing less energy.

Yet one must not forget the liquid addition to BASE mass ratio. When comparing the addition for
both these cells, the ratio is 9.43 x 103 for the 75um cell (bigger BASE series), and 1.29 x 10 for the
55pm cell (smaller BASE series). And finally, the effective addition of salt for the 55um cell was 3
drops of liquid, while only 1drop was added to the 75um cell.

In theory, the smaller particles should have lower conductivity due more point contacts relating to a
higher resistance. Despite having smaller particles, the 55um battery produced a higher relative
energy efficiency. Also, the resistance Re/thickness indicates similar values regarding both batteries
(with electrolyte resistance increasing linearly with thickness), which would indicate that their
electrolytic contributions in the system are the same per thickness. The low frequency resistance
actually indicates that the smaller particle systems have a higher resistance/thickness, which should
result in a lower efficiency than the bigger particles. This leads us to the conclusion that for the
NaClO, : ECPC series, liquid addition is dominating regardless of the BASE particle size.

5.2.3 ECPC — No additional dissolved NaClO; salt.

By introducing the organic solvent without additional salt, we can see whether the Na-beta”-
alumina particles are sufficient to vehicle the Na* ions through the electrochemical cells.

Coulombic efficiency Cycled energy
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Figure 36. Coulombic efficiency (left) and energy figure for an electrochemical cell with 100 um tape
casted BASE coating, with only ECPC as liquid addition (right).
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Figure 37. Charge-discharge pattern of the best performing ECPC battery assembled, without additional

NaClOj salt.
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In Figure 37, the charge-discharge pattern of this 100pm-ECPC cell with tape casted Na-beta”-
alumina-ECPC shows a high polarization, an indication that the battery requires a lot of
additional energy to put Na* ions into the host material. This is in line with theory, as the organic
solution ECPC does not have dissolved Sodium salt. This makes it very challenging for the
solution to vehicle Na* ions through the system. The Na-beta”-alumina itself should have the
capability to fulfil that function by itself, yet the BASE particles are only in contact through point
contacts, surrounded by an organic solvent that requires a lot more energetical input to extract
the Sodium ions.
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Figure 38. Charge and discharge curves for the first cycles of 10oum-ECPC.

This is a good example where energy efficiency or coulombic efficiency can be misleading
factors. Even though the battery is clearly performing poorly, it still reaches high efficiency
percentage

The Charge-discharge curve in Figure 38 indicates that even for the first charge, the stored
capacity was 2.5x105 Ah, while the following cycles only managed to store 1/5 of this. The
first charge is already exceeding expectations, as the maximum it could reach was 1 x10#
mAh/cell. The coulombic efficiency in Figure 36 indicates an efficiency superior to 100%,
which in this case can only mean a side-reaction. Electrons resulting from an electrolyte
decomposition participated in a side-reaction, therefore providing additional electrons and
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increasing the number of electrons available. According to the charge-discharge curve and
supported by the Coulombic efficiency for the first cycles, the electrolyte decomposition
could be the reason for the sudden decrease in capacity. The decomposition could be
explained by the sudden overpotential. Seeing as the energy necessary to extract the Na* ions
was much greater than for previous cells, it would have shown new phenomena in the
battery, not previously observed. This is akin to separation processes in chemical
engineering, or boiling water. When no water is present in the pan, temperature will rise in
order to heat up the compounds in the pan with higher evaporation temperatures.

These findings indicate that the dissolved salt NaClO, is essential to the high cyclability of
these batteries, and that the sole contribution of the BASE tape casted particles in
combination with ECPC results in an extremely high overpotential and possibly electrolyte
decomposition. The conclusion regarding the NaClO,: ECPC series holds, liquid addition is
dominating regardless of the BASE particle size.

5.2.3 Adding TES-TFSI ionic liquid for slurry electrolyte

For both the ionic liquid series, the pellet and slurry version have been attempted. This was
done in order to determine which of the concepts would perform better. We have now
uncovered that the slurry version presents better electrical properties when analysing the EIS
data, but it would be interesting to see whether it performs better regarding the cycling
behaviour.

The pellet concept is an attempt to make a mechanically pressed pellet, adding a few drops of
ionic liquid to facilitate the ionic network within the electrolytic circuit

BASE pellet with Na-beta”-alumina particle size of 67nm and 0.3 cm3 TES-TFSI additive
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Figure 39. Charge-discharge voltage pattern (left) of the battery containing a slurry of 0.3cm3 of TES-
TFSI and BASE with particle size of 67 nm and (right) relating Coulombic efficiency.
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Figure 40. Energy plots for the BASE pellet concept with addition of 0.3cm3 of TES-TFSI. The right
plot contains the same information as the left one, excluding the first cycle.

A long voltage pattern is observed regarding the pellet with o0.3mL of TES-TFSI addition
(Figure 39). In our experience, this is a behaviour that occurs often when attempting to cycle
this battery concept. This particular cell also comprises a contact issue during the second
phase charging of the first cycle. This could be the result of volume expansion, which is
challenging to compensate due to the rigid structure of pellets. Yet it can naturally be
remedied using a slurry, which is a middleground between solid pellet and liquid electrolyte.

Excluding the first charging pattern, we can observe that both the charge and discharge energy
steadily decrease (Figure 40). This could be an indication of a gradual decomposition of one of
the components. We suppose it is the result of either water content in the system, impurities
in the ionic liquid, corrosion at the interphases, or merely active material losing its structural
integrity. Further research can be done regarding this phenomenon.

TES-TFSI slurry with Na-beta”-alumina particle size of 67znm

Aside from the pellet concept, a similar experiment was executed using a slurry electrolyte.
This would solve the contact issue at the electrode-electrolyte interphase, but no additional
steps have been undertaken to prevent the previously observed side-reaction. This evidently
led to an unsurprising first charge taking almost 24hours instead of 10h (at a C/10 rate).
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Figure 41. Charge-discharge voltage pattern (left) of the battery containing a slurry of 0.15mL of TES-TFSI and
BASE with particle size of 67 nm and (right) relating capacity of the first 35 cycles.
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Capacity per cycle in Figure 41 shows that the first charge is large, while the next ones are
stable at 0.05mAh, until even charge capacity goes to o after 20 cycles.

The discharge capacity remains o throughout the process. This can be due to self-discharge
during the 5-minute resting phase after the charging process, as well as the potential
evidence for an insulating layer formation at the Na metal anode side impeding discharge.
When water comes in contact with Na metal, a layer of insulating NaOH can form at the
surface, which would impede ionic transport through the layer, resulting in the absence of
recombination of the ions with electrons on the Na metal side. This water could be present in
the glovebox in which the cells were assembled, as well as potential water content in the
ionic liquid. Yet water content in the ionic liquid would show evidence in all the assembled
cells, not just a few. The ionic liquid was also rigorously dried previous to introduction into
the glovebox in order to minimize external impeding factors. The lack of discharge cannot be
attributed to the cathode material deterioration, as the next cycle shows evidence of charging
again.

TES-TFSI ionic liquid with separator

An idea to investigate which of the components could be the cause for the previously shown
cycling behaviour, was to exclude the solid Na-beta”-alumina electrolyte from the system. By
simply adding TES-TFSI to a glass fiber separator, one could shed light upon this behaviour.
Theoretically, the ionic liquid does not contain Na* ions, so should be unable to vehicle these
ions back and forth during cycling. The experiment showed quite the opposite result, as can
be observed in Figure 42.
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Figure 42. Charge-discharge voltage pattern of the battery containing TES-TFSI and a separator,
excluding BASE.
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Figure 43. Coulombic efficiency (left) and energy figure (right) for an electrochemical cell with glass
fiber separator with ionic liquid TES-TFSI addition.

This experiment presented a few interesting findings. Firstly, it managed to vehicle Na* ions
continuously, and much more efficiently than the cells previously made. This poses the
question of how the ionic liquid was able to procure the ions. NaTFSI could have formed,
explaining the varying Coulombic efficiency in the first few cycles in Figure 43. Secondly, the
charge-discharge curves in Figure 42 indicated a slightly different pattern than expected. This
can be an indication that the active material was also affected by the ionic liquid. The
overpotential peaks at higher voltage for the first few cycles are indication of an internal
resistance, probably due to a side-product formation. This could very well be an indication
for NaTFSI formation The internal resistance increase was also illustrated by the potential
increase during charging. It jumped from 2.5V to 3.5V at 1* charge, yet from 2.5V to 3.2V
when starting the 4" charge and finally 2.5 to 2.8V when starting the 30® charge, indicative
of a completed side-reaction. With a significant observed performance, it would even lead us
to believe that this concept resulted in a decent passivation layer. This is supported by the
initially low Coulombic efficiency, which reached 99% within the first 4 cycles.

What this tells us, is that even though the Na-beta”-alumina was part of the cause, the ionic
liquid could have reacted with the active material (or an impurity contained in the viscous
IL). After formation of a side-product in the first 3 cycles, the battery presented excellent
cycling capabilities. This was supported by a low energy difference as well as a high
Coulombic efficiency.

In conclusion, we have not been able to assemble a highly performing cell using TES-TFSI as
ionic liquid, whether for the pellet or slurry concept. This inconclusive result only highlights
the challenge that is assembling efficient batteries in an experimental environment. The
purity of the components is of high importance, and a slight degree of impurity can cause
malfunctions, as well as dramatic decreases in performance. If anything, the slurry concept
still proves to have a better electrode-electrolyte interphase contact, being able to retain
mechanical integrity throughout the cycling process and associated volume expansion.
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5.2.4 Adding Pyry,-FSI ionic liquid for slurry electrolyte

As previously observed in the TES-TFSI series, anomalies often happen in the 4V range, after
which the following charging cycles have absent (or too fast) phase transitions. Excluding the
4V range decreases the capacity and energy potentially stored in the cells, yet a lower cut-off
could have the benefit of mitigating the deterioration. Unfortunately, it did not seem to
previously negate the deterioration. Consequently, the following step is excluding
components to see the resulting effect. The Na-beta”-alumina component was excluded in
the following Pyr,,FSI cell in order to ascertain the origin of this deterioration behaviour. The
overpotential behaviour observed in the TES-TFSI series is observed again here in Figure 44,
shown clearly in the first charging voltage.
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Figure 44. Charge-discharge voltage pattern of the battery containing Pyr,,FSI and a separator,
excluding BASE.

Figure 45. Coulombic efficiency (left) and energy figure (right) for an electrochemical cell with glas
fiber separator with ionic liquid Pyr.,FSI addition.

The battery shows a decent behaviour in Figure 44, yet the cycling capacity becomes 5 times
smaller after the first cycle, even though the Coulombic efficiency reaches 100% within 20
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cycles in Figure 45. It was previously mentioned that this could be due to contamination of
the ionic liquid, passivation layer formation as well as water content present in the system.
By thoroughly drying the ionic liquid Pyr,,FSI in vacuum at 80°C, as well as drying the Na-
beta”-alumina powder in an oven for 6 hours at 600 °C, the water content potentially present
in the cell was taken out. The resulting cell is presented hereafter.

Slurry of Pyr,,FSI and dried Na-beta”-alumina with particle size of 67.4 nm

Even though this cell does not show a highly efficient battery as previously shown for the
NaClO, series, it was the most successful cell containing ionic liquid in combination with Na-
beta”-alumina. This success was attributed to the thorough drying process of the
components. Not only the electrolyte particles, ionic liquid, but also the cathode thin film.
Even though NNM is not reactive to water itself, the surface can still contain water particles,
thus had to undergo the same drying process as the ionic liquid in order to avoid any water
content.
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Figure 46. Charge-discharge voltage pattern of a battery containing a slurry electrolyte of Pyry,FSI and
Na-beta”-alumina.

First charge takes 23hours instead of 10, while the first discharge takes 10hours. This pattern
remains the same until the 10 cycle, where discharge takes 8hours, and charging takes
10hours. The capacity mirrors this effect in Figure 45, indicating a correlation between
capacity and charging time.
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Figure 47. Coulombic efficiency (left) and energy figure (right) for an electrochemical cell with a slurry
electrolyte of Pyry,FSI and Na-beta”-alumina.

The cell shows a decent reversibility shown in the energy for Figure 47, yet the first charging
pattern still shows a form of side-reaction or surface passivation. We can say with high
assurance that the water content is minimal in this system. Meaning that the observed
behaviour can be attributed to either an SEI formation reported for the Pyr,,FSI ionic liquid
[152], or the presence of impurities in the system.

In order to relate back to the subject of this thesis and the role of Na-beta”-alumina particle
size, cells with smaller particle BASE have been introduced in the slurry. These were
previously done without success, and only one cell presented acceptable results. It should be
noted that the reproducibility of these results is questionable, as it took us 4 attempts to get
a working battery with limited side-reactions for smaller particle size.
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Figure 48. Voltage curves for charge and discharge of the battery containing a slurry of Pyr,,FSI and
Na-beta”-alumina small particles of 35.6 nm, as opposed to the regular size of 67.4 nm.
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As can be seen in Figure 48, the Charge-discharge curve shows very nice charging phase
transition, while discharge remains an issue. 14h charging instead of 10 is indicative of a side-
reaction. This could be caused by impurities in the ionic liquid or at the surface of the tape
casted thin film. The charging capacity of the 1* charge is relatable to the previous Dry BASE
battery, yet still manages to store less than 50% of the theoretical capacity of the cathode
thin film.

Smaller particle size of Na-Beta”-alumina in this battery can also enhance the reactivity in
the battery. With smaller particle size comes higher relative surface area and lower activation
energy. This can be a contributing factor to interactions within the cells, yet it also indicates
that the presence of impurities would be affirmed faster, with a battery more prone to side-
reactions, ultimately leading to lower performance. In an ideal battery with no impurities,
smaller particles could be beneficial, yet experience has shown that experimental assembly of
the batteries usually comes with unwanted impurities which strongly affect the resulting
outcome.

Even though measures regarding the elimination of impurities and water content were put
into action, the ideal battery has yet to be reported. Water content definitely played a role in
the low performance previously shown, yet it does not seem to be the only factor impeding
the efficiency of the electrochemical cells.

To conclude, the objective to correlate impedance data to cycling behaviour was unfruitful
for the ionic liquid series, and was found to be a lot more challenging than previously
anticipated. Only few batteries showed presentable results, while the others were strongly
affected by external parameters. These can be found in the Appendix. The presentable
batteries did not show a high enough performance to accurately correlate to the EIS data.
Even though definite correlations can be made regarding ionic liquid and various particle
sizes for Na-beta”-alumina, these do not transpose to cycling behaviour in our case. This
highlights the necessity for extremely pure components and thorough drying before
assembly, as well as further study.

5.4 Experimental issues

Water content is an important factor when considering Na-beta”-alumina, which is an
extremely strong desiccant. Water also strongly reacts with Sodium metal, which is our
anode material. It would form an insulating layer preventing further ionic migration through
the electrolyte/anode interface.

Even when taking extreme care during assembly, a few water
particles in the surrounding Argon atmosphere of the glovebox
can be detrimental to the performance of the battery. This is
evident from Picture 2.

Picture 2. Evidence of water contamination on the electrode-electrolyte
interphase, resulting in battery failure.
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For this reason, it was an interesting aspect to study the effect of water content on the EIS
measurements. Water and contaminants affect the performance of the battery during
charging and discharging, so we expected to unravel similar characteristics in impedance
spectroscopy. A higher impedance was anticipated, seeing as when coming in contact with
water, Na-beta”-alumina replaces the Na* ions in the interlayers by protons H* from water.
These are then extremely hard to remove.

Plots regarding the various resistances, capacitances and diffusion parameters for the various
cells relating to water contamination can be found in the Appendix, as well as attempts to
unravel the proton location in XRD measurements, without success. Only a slight shift of the
whole spectrum was observed, as well as corroding battery interfaces which were only
discovered during disassembly, illustrated in Picture 2.

The ionic liquids were dried at 8o °C in a vacuum antechamber, which had to be flushed
multiple times during the drying time, as the water content was not effectively evacuated.
The solid-state electrolyte has to be heated for a prolonged time at 600 °C to get rid of the
water content. Unfortunately, this process can lead to a reported volume expansion,
potentially damaging for the structural integrity of the Na-beta”-alumina framework. This
phenomenon was observed for during drying of the mechanically pressed pellets (Picture 3).
For powder, it leads to particle agglomeration. Particles can then be separated again through
ball-milling at low revolution velocity, but this will bring the particles in contact with water

once more.

Picture 3. Challenges relating to mechanically
pressing a BASE pellet. Cracking occurs, resulting

in compromised structural integrity.

Making a mechanically pressed pellet that could keep a structural integrity was also
challenging. Even though this sounds straightforward, simply pressing a pellet together at
high pressure of 550 MPa did not suffice. The pressure release had to be done overtime and
gradually. Only by releasing the pressure progressively over 10 minutes time would the
resulting pellet present no cracks, and remain so until after the heat treatment at 600°C for
water removal.
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Discussion

The underlying framework of this thesis, is that results are transferable to other
electrochemical cell experiments, as long as the ambient conditions remain the same.
Considering a changing environment (temperature) or charging conditions (C-rate as well as
depth of discharge), the resulting aging behaviour during cycling may differ. This would lead
to different current densities, enhancing different characteristics of the electrochemical cells.
The relationship between the deterioration mechanisms and electrochemical properties may
also differ.

Correlating EIS data with BASE particle size and liquid addition was interesting from a
fundamental point of view.

When comparing particle sizes and a potential correlation with a space-charge layer, a
smaller particle size should have a higher resistance due to higher concentration of point
contacts, and also a higher ionic liquid effect relating to a higher surface area, so more
double layer and potentially more space charge effect than a bigger particle. Effectively, if
smaller particles work better, it means the dielectric layer is the dominating mechanism (but
gives no indication about Na-beta”-alumina conductivity) AND/OR the liquid addition is
dominating (more ionically conducting liquid electrolyte coverage). Yet if bigger particles
work better, then Na-beta”-alumina ionic conductivity is the dominating mechanism.
Present work points toward the latter for ionic liquid addition.

In order to generate a clear conclusion regarding this subject, the particle shape should be
determined, where the surface area can be derived accurate. A concept should be formulated,
where all cells have the same liquid volume to solid surface area ratio. A clearer and
definitive conclusion could be derived from such a concept.

Even though Electrochemical Spectroscopy is a very attractive tool, the signification
attributed to the measured data (correlation between the EIS measurements, electrical
circuit elements and electrochemical properties of batteries) should be supported by other
techniques. A major flaw of this technique is that different mechanisms can occur in a similar
range, making them hard to differentiate. This can result in erroneous conclusions, even if
the result is reproductible. One should always be careful when drawing conclusions based on
interactions within a battery system, as the electrochemical processes may overlap. As such,
one should take extreme care in isolating the phenomena in order to make an accurate
assessment.
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6. Conclusions

Electrochemical Impedance has allowed great insight into the dynamics of batteries due to
being non-disruptive. Various factors impeding efficient battery operation can be studied and
interpreted, often in line with theory. The value of EIS is especially important when
considering interfacial effects in electrochemical systems, which is increasingly important
when considering solid state electrochemistry. Yet EIS can be misleading if conclusions are
drawn too hastily. Probing effects such as charge transfer, ionic diffusion or SEI growth can
provide insight, but requires support for proper quantification of the effects. Also, a debate
still remains on which time constant relates to which electrochemical parameter.

A few technical matters also need to be considered for a critical assessment. Above all the
preparation of the components is paramount, as well as the composition of the electrolytic
system, particle size and thickness, electrode composition and potential decomposition
products or side-reactions. Any of these factors can affect the recorded impedance data, and
consequently the recorded effects in the system. As such, only optimal conditions allow for a
solid conclusion.

Regarding our EIS conclusions, we can affirm that the mechanically pressed BASE electrolyte
pellet concept performs worse than the slurry electrolyte concept. This is related to the
improved slurry contact, as well as the increased point contacts for the pellet in combination
with a suspected lower ionic liquid coverage.

We can also conclude that the electrolyte resistance is lowered with organic electrolyte or
ionic liquid addition.

The evidence space-charge of has yet to be demonstrated for our components, as smaller
particles resulted in lower conductivity and capacitance, regardless of the various series and
concepts experimented with.

Finally, the Na* diffusion was better for bigger particles for all three liquid additions.

Although we managed to relate the cycling capabilities of the organic electrolyte series with
EIS, the same can unfortunately not be said for the ionic liquid series. We were unable to
correlate EIS data and cycling performances of the ionic liquid concepts with particle size
variation of Na-beta”-alumina. Poor performance of the batteries can be related to pre-
assembly treatments such as water removal and liquid addition impurities. Another reason
could be the charge transfer limitations at room temperature. Charge transfer is the main
limiting factor related to temperature, and designing a performant battery for room
temperature applications remains a challenge due to its fundamental temperature limitation.

Large scale production of a safe solid-state battery comprising Na-beta”-alumina may be
costly and problematic. Within such a concept, water and oxygen need to be utterly absent,
which is especially challenging for large scale production. Even if tape-casting is a great tool
for producing thin film batteries, the process needs to be optimized to reduce porosity as
well as surface imperfections at the interfaces. Temperature treatments are mostly likely
necessary to increase density without damaging the integrity of the various chemical
structures and electrochemical properties.
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Luckily, the tools necessary to investigate the hurdles are available. The key is to deliver
reliable and reproductible results, as well as a critical eye to interpret them.

Above all, the challenge is to devise a solid correlation between impedance behaviour and
other experiments to make EIS more convincing.

Recommendations for future work

The issue reported most in this Thesis, is the potential impurity relating to the liquid
additions in the electrochemical cells. In order to increase the performance of the cells,
liquid compounds should be ordered more regularly, and in lower volumes. We extracted our
ionic liquids from large containers, consequently dried them out in vacuum antechambers.
Yet this does not solve the potential previous contaminations in the liquid relating to our
inability to filter out impurities, as well as our inability to test the purity of the compounds.
Electrochemical cells require compounds that are 99.99% pure, especially when striving to
report accurate results. Anything less can severely hamper findings and lead to inconclusive
results.

As mentioned in the Discussion, determining the shape of the Na-beta”-alumina particles is
also highly relevant to make an accurate assessment for the surface area. Only by
determining the shape can the surface area be determined and a more accurate correlation
be made. This can be done using SEM for example.

Isolating the properties of Na-beta”-alumina and the effects of liquid addition may be more
viable using a well-defined symmetric cell. Corrosion has been reported when using Na
symmetric cells, so maybe the cathode material P2-NNM can be used. Further research
should be done on the subject of symmetric cells, as well as the consideration of which
material to choose.

Material decomposition can be investigated further through operando in situ XRD. This can
provide insight into the phase change and/or rate of decomposition throughout the cycling
process.

A more accurate quantification of the compounds present in the system can be done using
Energy Dispersive X-ray Spectrometry (EDS). This can provide elemental mapping to identify
potential growing phases

To gain fundamental understanding of the Sodium-ion mobility in Na-beta”-alumina, the
material needs to be isolated and characterized using solid-state nuclear magnetic resonance
(NMR) spectroscopy.
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Appendix

All the EIS measurements could not be included in this report, at there are close to 300
measured cells, including pre/post cycling measurements, Na-beta”-alumina pellets as well as
EIS measurements isolating certain components such as organic electrolyte ECPC, ionic
liquids TES-TFSI and Pyr,,FSI.
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Table. Overview of all the electrochemical cells, OCP before and after cycling as well as the
fitting errors for the EIS measurements

ocpP fitting error
pre post pre post

4h milling
140 pm 2.86 3.29 2.5 4
55 um 2.78 5.1
87 um-2drops 2.78 7
30 pm 2.81 5
87 um-3drops 3.05 2.3

2h milling
200 pm 2.81 3.22 1 0.7
24 um-170 pum 2.83 3.31 3 1
100 pm 2.9 2.81 0.5 1
75 pm 2.85 2.77 6.4 0.4

ECPC

12.5-75 um 2.4 3.3
7.5-100 pm 3.13 8
12.5-100 pm 2.75 1.4
24-170 pm 2.29 3.5

TES-TFSI
lislurry 1a 2.44 3
TFSInormal 1b 2.51 2.08 3 1.1
TFSIslurry 4 1.7 1.11 7 2.5
TFSIsmall 6: 35.6nm 2.4 2.89 3 4.2
3,5IL 2 2.89 2.76 2.6 2.9
4|L 3 2.37 2.78 7 10
6IL 5 2.84 3.29 9 9
3IL-Small 7:35.6nm 2.9 2.72 3 5.1
3IL-Big 8:32.3nm 1.9 2.87 15
IL-sep sep 2.88 3.2 10 1

PYR14FSI
EIS-pyr2.5-base7.5-0cp2.67V l.a 2.67 2.28 7 6
EIS-pyrl4-betadry(7.5-2.5)(OCP2.86V) 1.b 2.86 2.1 5 9
EIS slurry pyrl4-base 1.c 1.41 8.5 12
pyrldslurry++(2.56VOCP) 2 2.56 2.77 10 7.2
slurryPyr14-beta(2.84VOCP) 3 2.84 2.29 3.2 9
EIS-PyrnormalSlurry-2.56V 4 2.56 0.12 4 6
EIS-PyrsmallSlurry-2.6V 5:35.6nm 2.6 2.35 0.5 2.2
pyrl4slurryTHICK(2.59VOCP) 6 2.59 2.22 3 12
EIS-NNM-Pyr14FSislurryBASE-Na 7 1.26 3.06 11 5
betapellet-NNMslurry(2.82VOCP) 8-pellet 2.82 6 6
BASEpellet0.5mm(2.5VOCP) 9-pellet 2.5 2.8 2 12
pyrl4fsi-5drops-separator(OCP2.89V) sep 2.89 3.31 0.5 6

Note that the ratios for battery with 55 pm and 87 pm-2drops are similar, as well as 30 pm
and 87 um-3drops. This allows us to compare them.

For example, 87 pum-2drops is 1,6times thicker than 55 um, but with double the amount of
liquid addittive, the electrolyte resistance should be half of 1.6. According to this reasoning,
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Relectrolyte Of 87 pm-2drops should be 4.4Q. It was measured at 4.5.
Similarly, 87 pm-3drops is 2.gtimes thicker than 30 pm (meaning it has 2.gtimes the

resistance), with 3 times the amount of added liquid. Interestingly, the additonal drop of

liquid did not improve the resistance as much, indicating that the liquid contribution nears

its maximum and points toward

saturation.

R electrolyte -63nm BASE
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5.51 45

. I L]

140 um 55 um 87 um-2drops

Thickness tape casted electrolyte

1.26

30 um

3.82

87 um-3drops

Figure. Electrolyte resistance of the tape casted series with NaClO, dissolved in ECPC organic
electrolyte, with liquid additions varying from 1 to 3drops of added organic electrolyte.
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Figure. Equivalent circuit modelling of the first semi-circle of the Nyquist plot, describing the
electrochemical interactions at high frequency, typically attributed to the SEI interactions.

Capacitance (F)
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Ri1 and Ci1 are the parameters usually attributed to the interface between electrode and
electrolyte. These factors should only be dependent on the amount of added liquid and
different particle sizes of the electrode (not the case here).

We see two trends here: an increasing resistance for the first three batteries, and a decreasing
capacitance for the last three batteries. This can be explained by the conceptual flaw of EIS,
overlapping phenomena. Since EIS measures a complete system, it is not always possible to
isolate the various dynamics in the electrochemical system. If two different types of
interactions happen with a similar time constant (here the high frequency), overlapping
responses are measured. Only by isolating them can the data be reliable. In our case, the data
seems inconclusive.

R2-C2-63nm BASE

9 8.57 1.00E-03
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7 1.00E-04
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o 4 (@)
e 1.00E-06
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2 =2 1.12 1.14 1.00E-07

: B = =

0 —_— 1.00E-08

140 pm 55 um 87 um-2drops 30 um 87 um-3drops

Thickness coated BASE in cell
Figure. Equivalent circuit modelling of the second semi-circle of the Nyquist plot, describing the

interactions at medium frequency. The resistance Rz is usually attributed to the charge transfer
resistance, while the capacitance relates to the Double Layer around the particles.
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R3-C3-63nm BASE
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Figure. Equivalent circuit modelling of the third semi-circle of the Nyquist plot, describing the
electrochemical interactions at low frequency, typically attributed to the many factors relating to mass
transport, also an indication of Na* ionic diffusion.
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Figure. Diffusion coefficient for the 63nm series
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Overview Warburg NaClO,:ECPC
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Figure. Overview without correlation to thickness

67nm series

The following plots are cells that have been analysed before and after cycling in order to
measure the evolution of the dynamics in the cells. This will also give an indication of the
aging and product decomposition in the cells.

R electrolyte - 67nm BASE

180
160
140
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160
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20 2.08 °
0 o —
200 pm 24 um-170 um 100 pm 75 um

Thickness coated BASE in cell

W simulation fit pre simulation fit post

Figure. Electrolyte resistance of the tape casted series with 1 drop of NaClO, dissolved in ECPC
organic electrolyte. The BASE particles are 67nm.

The first two batteries on the left have been casted together, only the second one has a
cathode thin film that is double the size of the rest of the series (24 pm-170 pm). We would
expect both batteries to have a similar resistance, yet the cell with the cathode twice as thick
has a value for Relectrolyte almost three times lower. This would suggest that the cathode
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material plays a role in the overall ionic conductivity of the system, or that the current

collectors or connectors of that specific cell possessed a different resistance.

R1-CPE1- 67nm BASE
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Figure. Resistances and Capacitances relating to the equivalent circuit modelling of the first semi-
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1.00E-12
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circle of the Nyquist plot (first parallel RC element). It quantifies the electrochemical interactions at

high frequency, typically attributed to the SEI interactions.

We first look at the values before cycling the battery (simulation fit pre). According to the
volume of liquid addition to Na-beta”’-alumina mass, 200 pm should perform the worst. It

has the thickest BASE coating, which should result in the most point contacts, longest
diffusion path, highest amount of porosity and highest number of defects. Reading the Figure

from right to left shows the increase in liquid contribution.

But according to the EIS data, 200 has the lowest resistance together with 100. 75 and 24-170

are slightly more resistant.

Generally, the resistance increased post-cycling, indicating a growth in the solid electrolyte

interphase. Stable SEI formation has been proven using NaClO, dissolved in ECPC, which

made it a viable organic electrolyte for these experiments.

A similar trend appears compared to the previous series of NaClO, dissolved in ECPC. For

the batteries on the left, the resistance increases as the capacitance decreases. But this trend
is not visible in the whole data set, which makes it challenging to explain.
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R2-CPE2- 67nm BASE
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Figure. Equivalent circuit modelling of the second semi-circle of the Nyquist plot, describing the
interactions at medium frequency. The resistance Rz is usually attributed to the charge transfer
resistance, while the capacitance relates to the Double Layer around the particles.

C(F)

The resistances for the medium frequency dynamics are proportional to the thickness of the

electrolyte. For the thinnest cells (far right), the resistances are low and remain constant

post-cycling. This would indicate a good stability regarding the charge transfer capabilities of

the cells. The thicker batteries present a more fluctuating mid-frequency resistance,

indicating more instability. This figure can also relate to the grain boundary factor relating to
solid-solid interactions in the cells. Thicker cells naturally have more grain boundaries, thus

showing higher resistances in line with electrolyte thickness.

R3-CPE3- 67nm BASE
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Figure. Equivalent circuit modelling of the third semi-circle of the Nyquist plot, describing the

C(F)

electrochemical interactions at low frequency, typically attributed to the many factors relating to mass

transport, also an indication of Na* ionic diffusion.
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For the third Nyquist semi-circle modelling, a clear post-cycling evolution for resistance is
shown, as well as a constant capacitance throughout the series. The decreasing resistance
leads us to believe that a good ionic conduction path was formed in each system, promoting
cycling capabilities.

Warburg 67nm BASE

1.0E+00
1.0E-01
= :
g LOm02 _,0.00342
& 0.00864 zvi
& 10€-03 101 —e
= 9.49E-04 1.05E-03
S 1.0E-04
(%2}
2
£ 10605
1.0E-06
1.0E-07 20 ulQTOOOOOOZOS 24 ym-170 um 100 pm 75 pm

Thickness coated BASE in cell

—@—simulation fit pre =~ =@=simulation fit post

Figure. Diffusion coefficient for Na* ion through the battery

The diffusion figure coincides with the previous R3-C3 Figure. The 200 pm cell shows a
decrease in the diffusion coefficient, which is in line with the previous resitance post-cycling.

ECPC series

R electrolyte - ECPC
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Figure. Electrolyte resistance for the ECPC organic electrolyte series, without added salt.

For the electrolyte resistance, one would expect a proportional increase in resistance as a
function of the thickness of the electrolyte. It is true that the thickest pasted electrolyte has
the highest resistance (far right), but even though 12.5-75 pm has the highest liquid
contribution and the lowest thickness (far left), it does not coincide with the rest of the
series. This may be due to a higher contact resistance in the cell, or a faulty current collector.
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R1-C1- ECPC
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Figure. Resistances and capacitances pertaining to the high frequency interactions of the ECPC series,
derived using the equivalent circuit modelling of the first semi-circle of the Nyquist plot (first parallel
RC element). These values found at high frequency are typically attributed to the SEI interactions.

The resistance increases with overall thickness of the cell, indicating a correlation with solid
electrolyte point contacts. Similarly, the capacitance decreases with increasing thickness.
This indicates that a thinner battery is favourable for high frequency interactions.

It can be pointed out that for a thinner cathode material (7.5-100 pm) with equal electrolyte
thickness as 12.5-100 um, resistance also decreases. This should not be the case when
assessing SEI resistance, as the interface between electrodes and electrolyte should be
independent of electrolyte thickness. The same phenomenon occurs for the thicker cell 24-
170 pm. It could be hypothesized that the porosity at the border of the interface also reacted
to form SEI. A thicker electrode contains more pores, therefore more possibility to form a
side-product.
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Figure. Equivalent circuit modelling of the second semi-circle of the Nyquist plot, describing the
interactions at medium frequency. The resistance Rz is usually attributed to the charge transfer
resistance, while the capacitance relates to the Double Layer around the particles.
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Figure. Equivalent circuit modelling of the third semi-circle of the Nyquist plot, describing the
electrochemical interactions at low frequency.

The cells with thickness 75 pm and 100 pm with same cathode thickness show similar
electrical properties, while taking a thinner cathode drastically change the electrical

properties.

The resistance for the thickest cathode is the highest, as expected, but with a lower
capacitance than the other batteries, which is peculiar. Why? The phase is shifted

C(F)

compared to the other cells in the series. This relates to the amount of reactive power
in the system. A low capacitance effectively means that not much reactive power is
stored in the system.
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Warburg element - ECPC
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Figure. Diffusion coefficient for the ECPC series.

Here, the diffusion coefficient is dependent on the length of the path that ions need to cross
from one electrode to the other. This would theoretically mean that a longer path results in a
lower diffusion coefficient. This reasoning holds, except for the thickest battery.
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Figure. Resistances and Capacitances relating to the equivalent circuit modelling of the first semi-
circle of the Nyquist plot (first parallel RC element). It quantifies the electrochemical interactions at
high frequency, typically attributed to the SEI interactions

Similarly to previous series, the Ri-C1 plot is challenging to interpret. The resistance values
remain constant for some cells, while skyrocket for others. The capacitance remains constant
pre/post-cycling throughout the series. It can be pointed out that the cells with particle
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variation (far right) present a similar pattern compared to their Reectrolyte Values, and a slight
increase in capacitance for the smaller particle cell. The Ri-C1 Figure could be an indication
for electrode-electrolyte interphase, but further evidence needs to be uncovered to claim this
with certainty.

R2-C2 - TES-TFSI

1.00E-04
140

120 107 1.00E-05
100 =
) — 1.00E-06 3
€ s =
— ©
o S
x 60 1.00E-07 ©
<
40 28.8 e

1.00E-08

20
0.168 0.548 0.6892 0.3524 1.6984 o 3 0.88.9
0 E— -_— - 1.00E-09
A > A » N N\ N7 Q
O SO > © & S
¥ &® o S ) A Q
& KK AN
N % %
Electrochem. cell
s simulation fit pre  mEEER simulation fit post simulation fit pre  e=m=simulation fit post

Figure. Equivalent circuit modelling of the second semi-circle of the Nyquist plot, describing the
interactions at medium frequency. The resistance R2 is usually attributed to the charge transfer
resistance, while the capacitance C2 relates to the Double Layer around the particles.
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Figure. Equivalent circuit modelling of the third semi-circle of the Nyquist plot, describing the
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electrochemical interactions at low frequency, typically attributed to the many factors
relating to mass transport, also an indication of Na* ionic diffusion.

Warburg TES-TFSI
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Figure. Diffusion values, quantified by a Warburg impedance element.

A general trend shows that the diffusion decreases post-cycling, which was to be expected.
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Figure. Overview Warburg TES-TFSI without thickness correlation
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Pyri4FSI series

R1-C1- Pyr,FSI
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Figure. Resistances R1 and Capacitances C1 relating to the equivalent circuit modelling of the first
semi-circle of the Nyquist plot (first parallel RC element) for the Pyr,,FSI series. It quantifies the
electrochemical interactions at high frequency, typically attributed to the SEI interactions

The resistances for the high frequency parameters improve with addition of ionic liquid
Pyr,,FSI, as is shown in Figure. The further right, the lower the resistance. Yet this
improvement is marginal compared to various other liquid additions. The resistances Ri1 also
remained rather constant post-cycling, indicating little evolution over the course of the
charging-discharging process. The same can be said for the capacitance Cu.

It can be noted that the cell with smaller BASE particle shows much worse capacitance pre-
cycling, yet presents a similar value as the rest of the series post-cycling.

118

Capacitance (F)



R1(kQ)

10

=

0.

=

0.01

R2-C2- Pyr,,FSI

58.1

46.4
P * N
21 M
1.74 ‘ 1.9
1.32
I 0961 1.0 |
l.a 1.b 1l.c 2 3

s simulation fit pre [ simulation fit post  e=O==simulation fit pre  ==@==simulation fit post

4 5: 6 7 8-pellet 9-pellet  sep
35.6nm

Electrochem. cell

1.00E-05

1.00E-06

1.00E-07

1.00E-08

1.00E-09

1.00E-10

Figure. Resistances R2 and Capacitances Cz relating to the equivalent circuit modelling of the second
semi-circle of the Nyquist plot, describing the interactions at medium frequency for the Pyr,FSI series.

The resistance Rz is usually attributed to the charge transfer resistance, while the capacitance C2
relates to the Double Layer around the particles.
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Figure. Equivalent circuit modelling of the third semi-circle of the Nyquist plot, describing the
electrochemical interactions at low frequency, typically attributed to the many factors relating to mass
transport, also an indication of Na* ionic diffusion.
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Figure. Diffusion values, quantified by a Warburg impedance.
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Ionic transport across the battery is a central subject of our study. The third and final part of
the equivalent circuit relates to mass transport.
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Overview Warburg Pyr, ,FSI
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Figure. Overview Warburg Pyr14FSI without thickness correlation

NaClO, series

Small particle series: 63nm Na-beta”-alumina particle size
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Figure. Charge-Discharge curve for the thinnest tape casted battery for the organic electrolyte serie
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Figure. Coulombic efficiency and energy figure for the 30 um tape casted cell with NaClO,: ECPC

The 30 um tape casted electrolyte is illustrative of the contact issue faced when a tape casted
film is too thin. The measured potential reflects a lack of contact, yet can be remedied simply
by increasing the tape casted thickness. The previously reported cell with electrolyte
thickness of 55 pm was sufficient to eliminate this contact issue.

87um - 2 drops of added NaClO, : ECPC liquid
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Figure. Coulombic efficiency and energy figure for the 30 um tape casted cell with NaClO,: ECPC
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Figure. Coulombic efficiency and energy figure for the 140 pm tape casted cell with NaClO,: ECPC

Thick cathode-170um-1 drop of added NaClO, : ECPC liquid solution

The reason why we decided to include this cell in the report, is to show the decreasing
capacity when making an electrochemical cell too thick. With a cathode thin film twice as
thick as the other cells reported, and an electrolyte of 170pum thick, the capacity progressively
decreases due to increasing fatigue relating to volume expansion. This is related to the
structural integrity of the materials degrading overtime. It was also reported that the inder
PVDF shows increased fatigue overtime, and should be replaced by CMC, a less poluent and
more performant binder.

Charge-Discharge
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o 3 —
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2.5
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0 0.00002 0.00004 0.00006 0.00008 0.0001
Capacity (Ah)

Figure. Charge discharge curve for the cycles of thick cathode-17opm tape casted BASE with 1 drop of
added NaClO, : ECPC liquid

Voltage curve at the beginning and end of cycling. The phase change is not the same, and the
first phase transition is practically gone, indicating a potential decomposition or
deterioration during the first phase transformation of the cathode material.
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Figure. Decreasing capacity of thick cathode-17oum tape casted BASE with 1 drop of added NaClO, :

ECPC liquid after 50 cycles.
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Figure. Coulombic efficiency and energy figure for the 170 pm tape casted cell with NaClO,: ECPC
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Figure. Coulombic efficiency and energy figure for the 30 um tape casted cell with NaClO,: ECPC
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Figure. Voltage Curve (above) and Energy figure (below) for the BASE pellet with big BASE particles and 3drops
of TES-TFSI

Discharge goes back to 1.9V after the second cycle, which is under the cathode window of 2.3-
4.2V. This indicates that the cathode material has deteriorated during the first charge.
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Figure. Energy figure, with the graph on the right excluding the first cycle
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Figure. Coulombic efficiency (left) and Charge-discharge curve (right) for BASE pellet with 0.175cm3
of added TES-TFSI

4IL

In an attempt to uncover whether the drop in capacity after the first charge is due to active
material decomposition, we reduced the voltage window from 2.5-4.2V to 2.5-3.75V, hereby
limiting the second phase change which could lead to the decomposition. Unfortunately, this
was unfruitful. Yet by excluding this potential factor, we narrowed down the number of
potential culprits, which would most likely mean the odd discharge behaviour is related to a
side-reaction at the electrode-electrolyte interphase. This could be related to impurities in
the ionic liquid, as well as a minimal water content reacting with any of the highly reactive
components already present in the batteries.
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Figure. Charge-Discharge curve BASE pellet with o0.2cm? of added TES-TFSI
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Figure. Coulombic efficiency and energy figure for BASE pellet with 0.2cm3 of added TES-TFSI

Larger charge-discharge pattern the slurry Pyri4FSI-BASE-35.6 nm battery, showing odd
behaviour. The charging time varies heavily, even though the C-rate remains the same.
Furthermore, we can observe that the 4% charging cycle behaves similarly to the first one,
while the second and third perform very poorly.

Charge-Discharge pattern
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Figure. Charge-Discharge pattern of 7 cycles of the slurry Pyri4FSI-BASE-35.6 nm battery with Voltage

on the primary axis and Current on the secondary axis.

Interestingly, the discharge Voltage pattern is the same for the series with TES-TFSI and
Pyr14FSI. This leads us to believe the flaw lies within the cathode active material, and not in a
contaminant of the ionic liquid.
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Figure. Coulombic efficiency (left) and Energy figure (right) for the slurry Pyri4FSI-BASE-35.6 nm battery.
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FFigure. Coulombic efficiency (left) and Energy figure (right) for the slurry Pyri4FSI-BASE-67.4 nm battery.

1mmBASE with NNM slurry (toothpaste cathode without pellet sinterin
The toothpaste cathode concept was introduced by [101] using a slurry of active material P2-
NNM and Pyri4FSI ionic liquid, pasted on a sintered Na-beta”-alumina pellet, reporting high
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reversible phase-change and cyclability at 70°C. We attempted a similar experiment using a
mechanically pressed pellet and the same recipe for the NNM-Pyri14FSI slurry, only at room
temperature. This resulted in a similar result as our previous experiments, where the first
charging pattern is promising, yet discharge and following charging cycles were almost non-
existent. This is indicative of either a side-reaction or cathode material degradation.
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Figure. Battery with imm mechanically pressed BASE pellet, with the Voltage curve (top left), Charge-Discharge
curve (top right) and energy efficiency curves (bottom)

XRD measurements and their Rietveld refinement

It was found that the Na-beta”-alumina compounds bought from lonotec contained 5% ZrO.,,
a compound that promotes the formation of the beta” phase, as well as increases mechanical

integrity.
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Figure. XRD measurement and Rietveld refinement for P2-NNM, with a reported particle
size of 141.18nm.
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Figure. 4 BASE : 1 PVDF pre cycling, with BASE4-1pvdf-chi-7.2-wRp-6.47%-Rp-4.93%-
Lx1=19.25
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Figure. XRD measurement and Rietveld refinement for BASE4-1PVDF post-cycling, with
chi?>=6.7 - wRp=6.3% - Rp=4.8% and Lxi1=15.3.
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Figure. Attempt at drying BASE at 80 °C in vacuum antechamber for 24hours, XRD
measurement under Kapton cover, with wRp4.8% - Rp3.6% -Lxi=12.4
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Figure. BASE after thermal treatment at 600 °C to get rid of water content, XRD
measurement under Kapton cover, with wRp5.4% - Rp4.0% -Lia=12.
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Figure. BASE post ball-milling with small balls, with wRp4.97% - Rp3.8% - Lx1=24.76
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Figure. BASE post ball-milling with big balls, with wRp5.69% - Rp4.19% - chi*=3.67 -
Lx1=26.94
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