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Abstract

We are currently undergoing an energy transition, in which batteries are playing a vital role. Their cost is
quickly decreasing and they provide a way of storage for electricity generated by renewable energy sources
such as wind and solar power generation. With the increase in demand for battery capacity comes the demand
for safer, more energy dense, higher power output and faster charging batteries. To meet these demands
researchers are now focusing on solid state batteries. And in these batteries on the anode side on a specif
material called silicon (Si).

With its abundance in the earth’s crust and a gravimetric energy density of more then 10 times that of graphite,
which is currently most used as the anode in lithium ion batteries, this material seems very promising. But
the silicon material expands up to 300-400% when fully charged/lithiated. This of course brings challenges
for using silicon in solid state batteries, where the expansion could destroy the battery from within. Multiple
solutions have been tried to deal with this volume expansion, and one of the solutions is to add nanopores into
the silicon material so the material expands into the pores and not outwards. Such a material is provided by a
company called E-magy, they have already shown this material to be effective in liquid lithium-ion batteries.
But this thesis will focus on how this material performs in solid state batteries by comparing the galvanostatic
battery cycling and electrochemical impedance spectroscopy data, to solid state-batteries that use silicon
particles of the same size without the nanopores (called Com Si). For the solid electrolyte (SE) in these batteries
a Cl rich version of lithium argyrodite is chosen with the chemical formula Li5, 5PS4, 5Cl1, 5. This material
combines properties of halides and sulfides resulting in a deformable high ionic conductivity solid electrolyte
that can form a stable interface in the battery operating potentials and accommodate the volume expansion of
the silicon. Regular lithium argyrodite (Li6PS5Cl) and the Cl rich variant where synthesized with respective
ionic conductivities of 2,9 and 7,5 mS/cm, to compare there performance in the Si solid state batteries.

Si/SE/CNF (Carbon nano fiber to increase the electronic conductivity) composite powder mixture electrodes
where made with varying compositions, where the 6/3/1 composition showed the best performance with
a initial discharge capacity of 2410 mAh/g with a current density of 0,229 mA/cm2 for Com Si . After the
formation cycles this battery showed a capacity retention of 73% going from 1680 mAh/g to 1230 mAh/g at a
current density of 0,458 mA/cm over the span of 45 cycles. The CNF was shown to not have a positive and
possibly a negative impact on the battery performance and with the results from the Si/SE/CNF batteries there
was not a clear difference between the performance of porous and non porous silicon.

The switch was made to using Si deposited on Cu electrodes with a PVDF binder instead of the Si/SE/CNF
composite electrodes. The best battery performance was achieved with a non porous 1,2 mg Si electrode
showcasing a initial discharge capacity of 2700 mAh/g, and a capacity retention of 81,3% after the formation
cycles going from 2250 to 1830 mAh/g with the same current densities as before. This test was done with both
SE’s showcasing a clear improvement in capacity retention with the Li5, 5PS4, 5Cl1, 5 but still no clear difference
between the porous and non porous material.

Then, to better preserve the nano porous Si structure, the Si deposited on Cu electrodes where only charged
to a capacity of 1000, 1500 and 2000 mAh/g by using time constraints. This showed clear improvements for
the nanoporous Si material over the regular Si for capacities of 1000 and 1500 mAh/g over 50 cycles. The 1000
mAh/g E-magy Si battery showed a coulombic efficiency of 99% and a stable minimum negative potential of
-0,5 V vs In/LiIn for 50 cycles. Using Li5, 5PS4, 5Cl1, 5 of Li6PS5Cl lead to more stable battery performance and
less of an increase in the required potentials to reach the same capacities each cycle.

This study provides a insight into how the battery performance of Si solid state batteries is influenced by:
Nanopores in the Si material, different Si electrode preparation methods, Si composite electrode composition
ratio’s, choice of the olid electrolyte, and the utilized capacity of the Si electrode. And thereby makes a
contribution to the large amount of research that is currently being done to allow for Si anodes to successfully
be utilized in solid state batteries.
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1
Introduction

Its becoming more and more clear to the world that CO2 emissions will have to be reduced in order to stop or
at least mitigate the effects of global warming. According to the statistical review of world energy from 2023
[1], the energy used in the world is still for 82% being generated by using fossil fuels like coal, oil and natural
gas. That means that in 2023 only 14,8% of the total primal energy consumption was generated by renewable
energy sources. The missing 3,2% comes form nuclear energy, this is singled this out since not every one is of
the same opinion whether or not this counts as renewable energy. 14,8% might sound like a small number but
if you take a look at figure(1.1) you can see that the amount of renewable energy generation has more then
doubled since 2010 [2] with especially large growths in solar and wind energy generation. But this growth will
have to increase even more to meet goals, like for example the Paris agreement [3], to realise net zero emissions
by 20250.

Figure 1.1: The amount of renewable energy generated in the world throughout the years [2]

An important part of reaching these goals is increasing the generation capacity of renewable energy sources,
like solar and wind power generation capacity. But with only renewable renewable energy your not quite
there yet. You still need a way to actually use this energy. And since the most prominent renewable energy
generation techniques produce electricity, a large electrification of the current energy sector will have to take
place. You can think of the change from cars that drive on gasoline or diesel to cars that use electricity to drive.
Now you got a way to generate the energy, and you can use it but there has to be kept in mind that the most
prominent renewable energy sources are intermittent. Which means that power production is dependent
on outside factors like solar radiation and wind speed, unlike coal and gas power plants which can can more
easily scale power production up and down to meet the current energy demand. To accommodate for this,
without having to build an enormous access amount of renewable energy generation capacity, energy storage
techniques will be necessary to deal with these fluctuations.

And this finally brings us to the topic of this thesis: Batteries. Or to be more precise: Optimization of
nanoporous silicon anodes with high ionic conductivity argyrodite solid electrolytes in solid state batter-
ies. But more on that later. The battery industry has blown up over the last couple of years which can be seen
in figure(1.2) and this trend is not slowing down, figure(1.3) shows that the total battery capacity in the world is
predicted to keep growing rapidly the next 25 years [4]. This quickly increasing total installed battery capacity
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is made possible by a price drop of 85% for lithium-ion batteries over the last decade [5]. And the price is
predicted to drop even further with a reduction of 50% predicted in 2030 compared to 2020 [5]. This makes it
financially more and more interesting to choose batteries as a storage technique over other energy storage
techniques like pumped hydro, which is also very dependent on the location where it is used [6]. The demand
for batteries in general has not only increased, the demand for better batteries has too. Take electric cars as
an example: You want a battery with a large amount of energy storage capacity, but you also want it to be
light and not take up to much space, you want it to be able to charge quickly, but you also want it to not lose
capacity during cycling to ensure a long life time. Its important to realize that there is a trade-off between these
properties and that a perfect battery which maximizes all off them does not exist. To deal with the enormous
expansion of the battery industry and meet the ever increasing list of battery requirements, a lot of research
will be necessary.

This thesis will take a small part in this by looking at how a specific material called silicon can be used on the
anode side of solid state batteries. In particular to be able to increase the energy density compared to current
lithium ion batteries. This material has the ability to store a lot more lithium per weight then materials that are
currently being used, but it has a large volume change upon charging and discharging. In this thesis we will try
to still make use of a nanoporous version of this material to see if this can limit the volume changes and there
negative effects in solid state batteries.

Figure 1.2: The total installed battery capacity in the world from 2013 to 2024 [4]

Figure 1.3: Projected global battery storage capacity from 2022 to 2050 [4]

This will be done by first discussing in chapter 2 the theory behind solid state lithium-ion batteries, and by
looking what role silicon can play in them and what research has already been done regarding using silicon
in batteries. Then in chapter 3, the main research question will be formulated together with some smaller
research questions which will help to answer the main question. The techniques and methods that are used
during this research will be explained in the methodology in chapter 4. Chapter 5 will discuss the results
gained by the application of these techniques. And at last in chapter 6 a conclusion will be drawn and some
recommendations for future research on this topic will be given.



2
Solid state lithium ion batteries

In this chapter we will go over some theory related to this research project. This will be done by first going
over how lithium-ion batteries work, then we will take a look at a more specific type of battery, the solid state
lithium-ion battery and what these have to offer. And what follows is an explanation of some important terms
often used in battery research. Then we will take a look at the components used in solid state lithium-ion
batteries and what materials are used. After which we will look at the failure mechanisms occurring in lithium-
ion batteries. This then finally brings us to discuss the silicon material and the opportunities and challenges
it brings for use in solid-state batteries. And to close of we will take a look at solution and research that has
already been done for using silicon in solid state batteries.

2.1. What are, and how do lithium ion batteries work
You are probably already familiar with the concept of a battery being able to somehow store energy. And also
with the concept of charging and discharging them multiple times so you don’t have to buy a new phone
everyday. But how do they actually work? Lets find out.

Like many things, explaining how a battery works is easiest done with a picture, so see figure(2.1). A battery
consists mainly of 3 parts: The cathode (positive electrode), anode (negative electrode) and the electrolyte in
between them. The cathode and anode are both electrodes at which redox reactions can take place. These are
reactions where a transfer of electrons between 2 species takes place. When you discharge (take power out of)
a battery, a redox reaction occurs at the anode which releases anions (positively charged ions and negatively
charged electrons. These electrons then flow through the external circuit towards the cathode. The electron
flow through the external circuit from anode to cathode is what generates the electrical current that provides
power to a device, like your phone. The electrons can not travel through the electrolyte between the anode and
the cathode because they are blocked by the electrolyte itself or by a separator. That is why they are forced to
travel through the external circuit. For the ions it is actually the other way around. They are able to travel freely
from cathode to anode and vise versa, through the electrolyte and the separator. Unlike the electrons they can
not move through the external circuit.

The electrons that arrive on the cathode side during this discharging are then used in a second redox reaction.
Its important to realize that the reason that the electrons flow like this is to ensure charge balance in the battery.
So the ions move first and the electrons follow to ensure charge balance. The positively charged cations will
simultaneously move from the anode through the electrolyte towards the cathode. The redox reaction at the
cathode and anode occur simultaneously. [6].

If you are using a rechargeable battery, this mechanism can also be reversed. An external power source (like
your phone charger) applies a voltage to the battery and forces the redox reactions to happen in the opposite
direction making the ions move from cathode to anode and again making the electrons follow to ensure charge
balance.

Ideally you would be able to keep charging and discharging for ever. But sadly batteries degrade over time
which will prevent this from being possible. The mechanisms that cause this degradation will be discussed
later in section(2.5)

An example of the redox reactions occurring in a Li-ion battery will now be given to make the workings of the
battery more clear. In this example a lithium metal-metal oxide, in this case lithium-cobal oxide (LiCoO2) acts
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Figure 2.1: Depiction of a lithium-ion battery during both the charge and discharge state [7]

as the cathode and graphite(C6) will act as the anode [8]. So the Lithium will travel between the graphite and
the cobalt oxide during charging/discharging. During discharging, a reduction will take place at the cathode
and the lithium ions combine with the cobalt oxide to form LiCoO2. The half reaction taking place is shown
below.

CoO2 +Li++e− −−→ LiCoO2 (2.1)

As you can see in the half reaction, an electron is necessary for this reaction to take place. This electron is
provided by the redox reaction that is occurring on the other side of the battery, the anode side. On this side a
reduction reaction occurs where LiC6 gets reduced to C6 and a Li-ion. This half reaction is shown below.

LiC6 −−→ C6 +Li++e− (2.2)

These two half reactions add up to the following full reaction:

LiC6 +CoO2 ←−→ C6 +LiCoO2 (2.3)

So during discharging the reaction occurs from left to right and, and during charging from right to left. There
are different ways for the lithium to intercalate alloy or react with the electrodes but more more on that can be
found in the anode section(2.4.2)

2.2. Solid state batteries
The previous section discussed lithium-ion batteries in general. But in this thesis the focus will be on a more
specific lithium-ion battery type, the solid state lithium-ion battery. The working principle is the same, you
still have a anode and cathode with lithium ions traveling between them and a electronic circuit that facilitates
the flow of electrons. But in solid state batteries the liquid electrolyte (LE) is replaced with a solid electrolyte
(SE). This solid electrolyte then also acts as the separator since it is has a high ionic conductivity but a very low
electronic conductivity. But why do we suddenly want to switch from liquid to solid state batteries? There are
multiple reasons for this, some of them are:

Liquid lithium-ion batteries are running into physicochemical limitations [9] which will limit further improve-
ments and therefore limit further energy density improvements that are wanted by consumers. Solid state
batteries allow for new materials to be used like lithium metal or silicon as the anode which have a capacity
that is a lot higher then graphite that is mostly used in liquid Li-ion batteries.

Another aspect that has to be taken into account is the safety of the batteries. Current lithium ion batteries
use liquid electrolytes which are often very flammable which causes a safety risk. Especially for larger battery
systems. You have probably heard of electric car fires which can go on for days or even weeks and which can
even cause explosions. These fires are very hard to put out and are cause by a phenomenon called thermal
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runaway (TR) [10]. This can be a result of either thermal, mechanical or electrical abuse of the battery. These
terms mean respectively: The battery being exposed to high temperatures which leads to accelerated chemical
reactions, the battery getting punctured or crushed causing internal short circuit and with electrical abuse
is meant that the battery can be charged or discharged further then was intended in its design. In all these
cases extra heat is being generated, and current liquid lithium-ion batteries mostly use liquid electrolytes
which evaporate into highly flammable gasses above temperatures of 200 degrees Celsius [11]. And once this
burning starts more and more electrolyte will keep evaporating and fueling the fire, which makes it very hard
to put out. To prevent incidents like these, solid state batteries are preferred since they replace the flammable
liquid electrolyte with less or non flammable SE. The use of a SE also eliminates the possibility of leaking of the
electrolyte which could start unwanted side reactions.

It was first believed that the use of SE over LE would also stop the problem of dendrite formation in batteries
[12]. Dendrites are formed during cycling of the battery and form a lithium pathway between both electrodes
that allows the conduction of electrons. This causes the cell to short circuit when the dendrite gets so long
that it connects both electrodes. And this can start the thermal runaway process discussed above. Theses
dendrites can still be formed between the electrodes in the solid electrolyte but as was discussed previously.
The chance of a fire getting started in case these dendrites get formed is reduced with the use of solid SE over
LE. But choosing the right materials for the solid state battery can still help to prevent this problem.

Figure (2.2) shows the structure of a solid state battery. As you can see this is almost exactly the same as the lay
out of a liquid battery. One thing to note is that the use of a separator is not necessary in solid state batteries.
This is because the SE already functions as a separator between the anode and cathode because the SE has a
high ionic conductivity but a very low electronic conductivity, so it allows the conduction of ions and blocks
the flow of electrons.

Of course there are not only benefits when it comes to solid state batteries compared to there liquid counterpart.
Downsides such as sluggish kinetics between the SE and electrode interfaces due to the nature of the contact
between a solid/solid interface [13]. And a large obstacle in the commercialization of solid state batteries is
the high resistances at the solid to solid interfaces [14]. An other downside is that the manufacturing of these
surfaces that have to maintain good contact throughout the batteries life time with constant expansion and
shrinking has been proven to be difficult, which makes manufacturing more expensive [15].

Figure 2.2: Solid state battery Vs liquid lithium-ion battery [16].

2.3. Ionic conductivity, electronic conductivity and the electrochemical
stability window

Ionic conductivity, electronic conductivity and the electrochemical stability window are all terms used a lot in
this thesis. So before the different components of the battery are discussed in more detail, a look will be taken
at what is meant with these 3 terms.

2.3.1. Ionic conductivity
Ionic conductivity is a measure of a materials ability to transport ions (such as lithium ions in a Li-ion battery)
through its structure. In the context of battery materials, ionic conductivity is essential because it determines
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how efficiently ions move between the electrodes during charge and discharge cycles, through the solid
electrolyte. High ionic conductivity facilitates faster ion movement, which improves the batteries power output
and reduces internal resistance [17]. The unit of ionic conductivity is Siemens per centimeter (S/cm). This unit
is the same for both ionic and electronic conductivity. Since both are a measure of current flow in response to
an applied electric field. The difference between them is just wether the charge carriers are ions or electrons.
Both the electronic and ionic conductivity are gained from the following equation:

Conducti vi t y(σ) = Cur r entdensi t y(J )

Electr i c f i eld(E)
(2.4)

And the units of the conductivity are derived as follows:

A/cm2

V /cm
= S/cm (2.5)

With A being the current in Ampere (A)

And V being the Voltage in Volts (V)

If your remember that Ohms law is:

R(Ω) = I (Amper e)

V (V ol t s)
(2.6)

With R being the Resistance in Ohm(Ω)

You can now see that the conductivity is inversely proportional with the resistance from Ohms law.

In solid electrolytes ions mostly move by the vacancy hopping mechanism [18] where the Li+ ions hop from
vacancy to vacancy in the SE to move between the anode and the cathode. So the ionic conductivity will
be higher if its easier for ions to hop to the next vacancy. Ionic conductivity is influenced by factors like the
materials crystal structure, the presence of dopants, temperature, all of which affect the pathways available
for ions to move inside the material (ion migration). In solid electrolytes, achieving high ionic conductivity
is critical for fast charge-discharge rates and overall battery performance. Currently commercial liquid
electrolytes still have higher ionic conductivities in the order of 10−3 to10−2 S/cm, or 1 to 10 mS/cm, compared
to the conductivity in SE which is mostly around 10−3 S/cm or 1 mS/cm [19]. But with all the research that
is being done, the ionic conductivity of new SE’s seems to actually start to be comparable to there liquid
counterparts.

2.3.2. Electronic conductivity
Electronic conductivity refers to a materials capacity to conduct electrons. Unlike ionic conductivity, which
is critical for ion movement, electronic conductivity is necessary to transfer electrons to the external circuit
during battery operation. Like mentioned before electronic conductivity share the same unit with ionic
conductivity which is S/cm. In a battery cell, the electrodes need high electronic conductivity to support
effective electron flow and reduce resistive losses. Conductive additives, like carbon materials in the anode,
are often incorporated to enhance electronic conductivity when the primary active material has limited ability
to conduct electrons. A high electronic conductivity in electrodes and current collectors reduces overall cell
resistance, allowing for improved charge/discharge efficiency and enhanced cycle life.

2.3.3. Electrochemical stability window
The electrochemical stability window is the range of voltages within which a material is electrochemically
stable. So it is the voltage range between the reduction potential and the oxidation potential of the material.
For an electrolyte, this stability window is crucial, as it defines the voltage range over which it can operate
without decomposing or reacting with the electrode materials. A wide electrochemical stability window is
especially desirable in solid-state batteries, where electrolytes must withstand the high voltages of cathodes
and low potentials of anodes without breaking down. If the voltage exceeds this window, unwanted side
reactions can occur, leading to capacity fade, increased cell resistance, and possibly even thermal runaway.
The stability window depends on the properties of the electrolyte, like its chemical composition and structure.
The electrochemical stability window is essential for defining the safe operating limits of a battery cell. The
electrochemical stability window of some different SE groups is shown in figure(2.3). The electrochemical
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stability windows are shown for Li-M-X SE’s. So M represents the metal cation shown at the bottom and X
represent the groups shown at the top, so halides(which includes fluorides, chlorides, bromides and iodides),
oxides, sulfides and nitrides [20]. In the section about solid electrolyte there will be taken a look at the other
properties that distinguish these groups of solid electrolytes from each other.

Figure 2.3: The electrochemical stability windows of different groups of solid electrolyte, the Li-M-X solid
electrolytes are depicted with M being the metal cations at the bottom and X being one of 7 groups at the top

of the figure [20].

2.4. Components of a (solid state) lithium ion battery
This section will give a more detailed description of the most important components of a (solid state) lithium-
ion battery. The focus will be on the cathode, anode, solid electrolyte and the current collectors.

2.4.1. Cathode
The cathode is the positive electrode of a battery. When the battery is discharged the lithium ions will be on
the cathode side of the battery and upon charging the ions will migrate towards the anode side. A cathode
material in a lithium ion battery of course has to consist of lithium, to facilitate the lithium ions. And this Li is
often combined with the transition metals cobalt(Co), manganese (Mn), and nickel and with oxygen(O2) to
form metal oxides like: Lithium cobalt oxide (LiCoO2, LCO), Lithium Manganese oxide (LiMn2O4, LMO) and
Lithium Nickel Manganese Cobalt Oxide (LiNiMnCoO2, NMC) [21]. Which cathode material is chosen for a
specific battery will depend on specific requirements like energy density, longevity, thermal stability and of
course cost.

2.4.2. Anode
The anode is the negative electrode of the battery. The Lithium ions will be be stored on the anode side of
the battery when the battery is considered to be fully charged. The most common anode battery material is
graphite. Graphite consists of the element carbon (C) in a crystalline form. Graphite is made out of layers of
graphene stacked on top of each other and the Lithium ions can be stored in between these layers. Some of
the qualities that make graphite such an attractive anode material are high abundance, a low electrochemical
potential, good electronic conductivity, low toxicity and low costs. It has capacity of 372 mAh/g and and good
electrochemical stability at low potentials (like 0.1 V compared to the Li/Li+ reference) [22]. This results in the
capacity remaining intact for a large amount of cycles thus ensuring a long battery life time. Anode materials
can be divided into 3 categories based on the mechanism they use to store lithium. These mechanisms are
intercalation, alloying and conversion. Figure(2.4) shows some popular anode materials grouped by which
lithium storing mechanism they use.

During the intercalation process, ions (in this case lithium) are reversibly integrated into the vacant sites of
the crystal lattice without significantly altering the crystal structure. This results into anodes with a relatively
lower capacity but a long life time since mechanical strain and volume change caused by the insertion and
extraction of the ions is minimized [24]. An example of a anode material that use the intercalation mechanism
is graphite. The weak van der Waals forces allow the graphene layers to move slightly so the lithium ions can
be reversibly taken up into in the vacant sites of the crystal lattice.
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Figure 2.4: Various anodes grouped based on the lithium storing mechanism they exhibit [23].

During the alloying mechanism the ions actually insert into the host material and form a lithium-metal alloy.
This alloying mechanism allows these types of anodes to store a higher fraction of lithium ions then the anodes
that use the intercalation mechanism [25]. This results in materials like silicon which have a capacity of up to
3600 mAh/g. The downside of these materials is that the continuous alloying and de-alloying of lithium and
the metal results in large volume changes, 400% for silicon. which leads to mechanical stress, contact loss and
therefore negatively impact the life time of the cell.

Figure 2.5: Different materials that are used as electrodes, showing there volumetric and gravimetric energy
densities [26].

The last type of anodes use the conversion mechanism. In conversion materials, lithium storage occurs
through a chemical reaction that transforms the original material into new compounds rather than simply
inserting lithium ions into an existing lattice. For instance, during lithiation, lithium ions react with a host
compound (such as Fe2O3) and break it down, forming metallic iron (Fe) and lithium oxide (Li2O). This
transformation involves the reduction of metal ions (e.g., Fe3+ is reduced to Fe0) and results in significant
structural changes, unlike alloying materials that maintain a consistent basic structure. Conversion reactions,
just like alloying leads to high volume changes due to the breakdown and reformation of different compounds
within the electrode. As a result, these structural transformations can create internal stress and degrade
battery performance over time. Despite the complexity of these reactions, conversion materials can store a
high number of lithium ions, giving them a high theoretical capacity, often comparable to or even exceeding
alloying materials.

The 3 type of anodes and and a picture depicting the different ways they store lithium is shown in figure(2.6)

In this thesis the focus will be on alloying type anodes and silicon in particular. Since these anodes show very
promising high capacities but still require a lot of research to increase the stability and cycle life of batteries
using them.

2.4.3. (Solid) Electrolyte
The electrolyte functions as medium for ion conduction between the anode and the cathode but also as a
blockade that prevents electrons from moving through it. So it has to have a high ionic conductivity but a low
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Figure 2.6: A display of the intercalation, conversion and alloying mechanisms and the capacity ranges of the
accompanying materials [25].

electronic conductivity. A lot of different solid electrolytes are being used and they all have different ionic
conductivity’s, chemical stability’s, thermal stability’s, mechanical properties, costs, etc. Just like with the
anode and cathode material, a trade off between these properties exist and no perfect material exists, or at
least is not found yet. Figure(2.7) shows a graph indicating some common type of solid electrolytes and shows
there advantages and disadvantages.

Oxides, sulfides and halides
Oxides are generally stable in air and have a large electrochemical stability window with high stability at
high voltages [28]. But they have lower ionic conductivities compared to sulfides. They are also brittle which
provides difficulties with cell production and with the contact of the SE and the electrodes. And this contact
plays an important role, especially for solid state batteries since it is more difficult to create good uniform
contact between 2 solid layers then between a solid and a liquid layer.

In contrast to the oxide SE, Sulfide SE’s provide higher ionic conductivities which can even reach above 10
mS/cm. This is in the same order of magnitude as liquid electrolytes that are being used right now. Sulfide
SE are also softer and more deformable then oxides which is important for ensuring good surface contact
between the SE and the cathode/anode during charging and discharging. The ionic radius and polarizability
of S2 – is higher then O2 – . This polarizability difference results in the the attraction of Li+ ions to be weaker in
the sulfide SE. And this causes the sulfide SE to provide better mobility for the Li+ ions [29]. And thus ensuring
a higher ionic conductivity.

A downside of using sulfide SE is that they have a narrow electrochemical stability window compared to oxides.
Which makes it unable to operate at high voltages and therefore not fit to use with some electrode materials
that perform best at these higher voltages. Sulfides are also not stable in air and can react to form solid by
products like Li3PO4 and LiOh which form a solid layer that increase the interfacial impedance of the battery
[30]. They also react with water in the air to create toxic hydrogen sulfide H2S gas. Which makes large scale
production of the material more difficult [30].

Halide SSE’s are more balanced between oxide and sulfide materials according to the following aspects,
electrochemical stability window, moisture resistance and ionic conductivity [27]. They are called halides
because they include halogen elements, fluorine (F), chlorine (Cl), bromine (Br) or iodine (I).

Lithium argyrodites
A very promising material that belongs to the family of sulfide SE’s but also has halide components is lithium
argyrodite. This material has the Li6PS5X (X = Cl, Br, I) formula and provides conductivities of 1-10 mS/cm at
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Figure 2.7: (a)Spider plots showcasing some of the properties of sulfide, halide and oxide solid electrolytes.(b)
A plot showing the Li-ion mobility vs the density and lines showcasing the ionic conductivity for for material

groups like sulfides, halides and oxides [27].

room temperature [28]. The properties of the synthesized material, like the conductivity and air stability will
depend on how and what composition was synthesized exactly. For example the ball milling time or the oven
heating and ramping time can be changed which all can have a large effect on the properties of the final material.
[31] shows how replacement of the sulfide by chloride increases the ionic conductivity by decreasing the overall
lower charge in the Li cages which lowers there interaction with the moving Li-ions, and the extra Cl- makes
these cages better connected. Take for example the regular argyrodite Li6PS5Cl which has a ionic conductivity
of 2.9 mS/cm but only a slight adjustment of the composition gives the material Li5, 5PS4, 5Cl1, 5 a conductivity
of 7 mS/cm which is more then twice as high [32]. It was also shown by [33] using C – Li2S/Li5, 5PS4, 5Cl1, 5 /LiIn
and C – Li2S/Li6PS5Cl/LiIn solid state batteries that the use of Li5, 5PS4, 5Cl1, 5 instead of Li6PS5Cl lead to
lower solid to solid interface resistance and that this lead to better cycling performance and higher discharge
capacities. [32] also showed an overall enhancement of the cell performance with the Li5, 5PS4, 5Cl1, 5 used
in a study of these electrolytes with NCM cathodes (Nickel-Cobalt-Manganese, with the full chemical name
being lithium nickel manganese cobalt oxides). However at lower potentials Li5, 5PS4, 5Cl1, 5 showed more
electrochemical decompositions then Li6PS5Cl and this was the case for cells cycled in a potential range of 2 to
3,6 (V vs In/LiIn). The batteries cycled in thesis use even lower potentials of -0,6 to 0,5 (V vs In/LiIn) so it will
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be interesting if these low potentials will increase the electrolyte decomposition even more and if the higher
ionic conductivity provided by Li5, 5PS4, 5Cl1, 5 will then still be worth it for the battery performance overall.

2.4.4. Current collectors
The current collectors are the parts of the battery that electronically connect the electrodes to the electrical
circuit of the battery. On the anode side of lithium-ion batteries copper (Cu) is the most used current collector.
This is because copper has a high electronic conductivity, has abundant reserves, a soft texture which is
good for interface connection with the electrode and it is stable in the voltage range anodes of lithium ion-
batteries tend to operate [34]. On the cathode side of the battery where the materials experience higher
voltages aluminum(Al) is often used [35] because it’s electrochemical stability window lies at higher voltages.
In this thesis mostly half cells are assembled with a lithium/indium alloy (LiIn on one side and a silicon, with
sometimes other additives, on the other side. These batteries are operated in in a voltage range of about 0 - 1,1
V vs Li/Li+. And because Cu is stable in this voltage range against both LiIn and Si, Cu will be mostly used as
the current collector for the batteries that are tested.

2.5. failure mechanisms in lithium-ion batteries
With all the different components working together in a battery, there is of course a lot that can go wrong inside
a battery. If we want to be able to design batteries that have a long life time it will be important to understand
what failure mechanisms occur inside the battery and how these can be prevented or minimized. So the most
important failure mechanisms in lithium ion batteries will briefly be discussed here:

• Loss of lithium: There are multiple ways that the lithium that was first used in the cell can no longer be
utilized. One of these is SEI formation. In solid-state batteries, the SEI forms due to reactions between
the anode and the solid electrolyte during the initial cycles. What type of layer is formed exactly will
depend on the materials that are chosen for the SE and the anode but to form this layer some lithium is
irreversibly used. So this lithium can no longer be used to move from anode to cathode and vice versa.
This SEI layer will form on the surface of the anode active material. But upon lithiation anode materials
are know to expand, especially the anodes using the alloying or conversion mechanism to store lithium
like discussed in section(2.4.2). This shrinking and expanding of the anode will cause the already formed
SEI layer to crack. These cracks then form new surfaces to form more SEI on. And this process will
continue to happen every battery cycle, therefore consuming more and more lithium and thus reducing
the battery’s capacity [36].
The lithium can also get isolated if the material cracks, causing the lithium to be stuck in place due to no
longer having sufficient electrical and ionic conductivity in the whole electrode.

• Loss of active material mass on the anode side making it no longer available for lithium insertion. This
can occur due to particle cracking, which is again a result of the large volume changes. The active anode
material can also get isolated if electrical contact is lost making it no longer able to to store lithium. [37]

• The same failures happening to the anode material can of course also happen to the cathode active
material. But in this thesis the focus will be on the anode side of the battery.

• Contact loss of the different layers of material in a battery plays a big roll especially for solid state batteries
since it is harder to maintain contact between 2 solid layers then between a liquid/ solid interface since
the liquid can deform more easily then the solid. This degradation between the active material and solid
electrolyte surfaces increase the interfacial resistance and negatively impact the cell performance [14].

• Dendrites can form and grow larger and larger during battery cycling, this dendrite of course consumes
lithium making it no longer available for charging the battery. But the dendrite can also grow so large
that it pierces all the way through the solid electrolyte layer [38]. This creates a pathway for the electrons
to now travel through the dendrite from the anode to the cathode and vice versa, so the external circuit is
no longer the only path the electrons can take. And this causes the cell to short circuit, possibly starting
the thermal runaway process discussed in section(2.2).
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Figure 2.8: The multiple degradations mechanisms of a lithium-ion battery cell [37].

2.6. Silicon anodes, promising, but there are difficulties
In the section about anodes (2.4.2) there was already a brief mention of a material called silicon (Si) which uses
the alloying mechanism to store lithium. Silicon has a theoretical capacity of 4200 mAh/g for Li4, 4Si [39] (at
room temperatures a capacity of 3590 mAh/g with Li Li3, 75Si [40]), it has a low reaction potential of 0.5 V vs
Li/Li+ and what is also very important, it is abundant. Since it is making up 27,7 % of the earth crust [41]. But
since silicon is an alloying anode it has a large volume expansion and contraction of 300-400% upon lithiation
and delithiation. You can probably imagine that such a large volume change of the material inside your
battery can lead to some problems, some of which where already mentioned in the section failure mechanisms
in lithium-ion batteries (2.5). This volume change leads to cracking and pulverization of the silicon anode
particles and it also leads to cracks and breaking apart of the SEI layer around these particles, which will result
in a continuously growing SEI layer, and with more SEI being formed more lithium is being continuously
consumed which reduces the capacity of the battery during cycling. This is visualized in figure(2.9)

Figure 2.9: The failure mechanisms of Silicon upon repeated cycling with a) showcasing particle pulverization
and electrode fracture cause by the expansion, and b) showing the process of continuous SEI formation

caused by SEI cracking [42]
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There are a lot of different solutions that are tried over the last decade that try to minimize or help cope with the
large volume expansion of silicon. A few of these solutions are discussed in the section below. The nanoporous
silicon that is mentioned there will help with the problem of the large volume change of the silicon material
upon lithiation, and this nanoporous material will be the main focus of this thesis. Some of the other main
challenges and the strategies that help to overcome them are shown with the help of some simplified pictures
in figure(2.10)

Figure 2.10: Some of the main challenges for silicon anodes [43].
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2.7. Trends and research about silicon anodes in solid state batteries
In this section we will go over some of the things that influence the performance of silicon anodes in batteries
and the different solutions and research other people have already done to improve the performance of silicon
anodes.

2.7.1. Particle size of the silicon
One of the methods to prevent the fracture and pulverization of silicon particles is to use smaller particles. But
why is this the case? Well:

• Smaller particles have smaller absolute volume changes then larger ones and therefore have smaller
internal stress

• Smaller particles have a higher surface area / volume ratio, so there is more surface available to accom-
modate the expansion allowing for better stress distribution.

• Larger particles are less homogeneous and have more defects where stress will concentrate at to form
cracks.

• During charging and discharging, the larger particle are also more likely to suffer from uneven delithia-
tion causing uneven expansion and contraction in the particles which can cause fracture.

• smaller particles can also deform elastically to a larger extent then larger particles preventing permanent
structural damage [44].

So why should we not just make the Si particles as small as possible then to make sure no fracture or pul-
verization occurs? Smaller particles give a larger active area. Like just mentioned, smaller particles have a
larger surface area/ volume ratio then larger ones. This larger area area will cause more SEI to be formed, and
therefore consume more lithium.

So the smaller particles provide a larger area for SEI to be formed on. But the SEI that gets formed on these
smaller particles seems to actually be more stable then the SEI that gets formed on larger particles. So larger
particles do form less initial SEI, but because the SEI is more unstable then for small particles, it will consume
more lithium over time during cycling. Smaller particles lead to the decrease of the tensile hoop strains in
the outer portion of the SEI and simultaneously make the overall elastic strains in the inner portion more
compressive [45]. Because of this there seems to be an optimum particles size with a good balance between
the amount of SEI that gets formed and the stability of it. This particles size is about 150 nano-meter for silicon.
This is also small enough to prevent the pulverization and fracture of the silicon particles. [46].

So that brings us to the question of why the industry does not just use this nano sized silicon if it has all
these benefits compared to micro-sized silicon. The answer to this is comes down too, as usual, money. The
production and processing of nano sized silicon is not currently commercially competitive compared to micro
sized silicon, even if the nano material has better performance. In 2020 the nano sized silicon was around 10
times more expensive then micro sized silicon [47].

2.7.2. Nanoporous silicon
So can we get the benefits of nano silicon without paying the higher price? The next solution tries to use nano
pores inside micro size silicon to do this. The idea is that the pores allow the material to expand into the pores
instead of just outwards. And this could help to reduce cracking of the SEI layer that is formed around the
particles, since the particles expand less outwards with this method. A downside of this solution is that if the
silicon contains pores the volumetric energy density of the electrode will be reduced since there is less active
material mass per volume. An example of such a nano porous structure is shown in figure(2.11).

This thesis will focus on how nano-porous silicon like this can be used in all solid state batteries. The nano-
porous material is provided by a company called "E-magy" [48]. They are trying to solve the expansion issue
of silicon upon lithiation by designing a nanoporous material. The pores can then allow the material to
expand into the pores itself so it doesn’t expand outwards and destroy the battery. The material has already
been extensively tested in combination with liquid electrolytes, showing very stable battery cycling and near
zero volume expansion in these liquid electrolyte using batteries [49]. But not yet in combination with solid
electrolytes in all solid state batteries. So the main goal of this thesis will be to test if this promising material
can be utilized in all solid state batteries to get both the benefits of the nanoporous silicon and the benefits of
solid state batteries compared to liquid electrolyte batteries.
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Figure 2.11: SEM image of the porous silicon material provided by E-magy with the more zoomed in version
on the left.

2.7.3. Mix silicon with solid electrolyte and carbon additive
To improve the ionic and electronic conductivity of the electrode, the active material can be mixed with all
kinds of additives. The ionic conductivity can be improved with the help of SE, this can be the same SE that is
used in the cell but it doesn’t have to be necessarily. This makes sense of course since SE is designed specifically
to have a high ionic conductivity. In the case of silicon it is important to choose a solid electrolyte that can
mitigate the damage done by volume changes of the silicon. As discussed before in the section about solid
electrolytes (2.4.3), sulfide and halide solid electrolytes like argyrodite are very soft and compressible compared
to there oxide counterparts, making them a good choice.

To also get a good electronic conductivity in the electrode often a carbon additive is added, this also helps with
a better current distribution in the electrode [50]. This has been done universally in the electrodes of lithium
ion batteries [51]. A downside of using carbon to increase the overall electronic conductivity of the anode
mixture is that carbon has a negative effect on the stability of sulfide SSE’s [52] [53]. [52] Showed a comparison
between solid state batteries where a pure silicon mixture was compared against a silicon mixture with 20%
weight percentage of carbon added. Mircro Si(C) || SSE || NCM811 cells where made with both compositions
and the cells with carbon additive showed severe electrolyte decomposition and SEI growth. [53] showed that
for the SSE decomposition it does matter a lot which type of carbon is used, but that no carbon added resulted
in the least amount of decomposition. In the cells that where made for this thesis that did contain carbon the
choice was made to use carbon nano fibers (CNF) because compared to other carbon additives, such as carbon
black or super P, CNF’s have a high aspect ratio and robust mechanical properties, which reduce contact
resistance with silicon and the solid electrolyte and also create a more resilient and stable conductive matrix
throughout cycling. Carbon nano tubes (CNT) hold these same benefits but there costs can be, depending on
many factors of course, up to 100 times more expensive then CNF’s [54]. So with this in mind the choice was
made to use CNF as a conductive additive.

2.7.4. Pressure effects on battery performance
External pressure has a big influence on solid state battery behavior and therefore a large impact on the
battery performance [55] [56]. The pressure can help to maintain the solid to solid contact of solid state
batteries which increase the ionic transport. But a pressure that is to high can also have negative effects. In
the case of lithium metal anodes for example, a lower pressure can help decrease the growth of dendrites but
a higher pressure can force the lithium metal through the solid electrolyte and cause short circuiting. [57]
showed for an NMC/graphite pouch cell that there was an optimum pressure. A pressure of 1 MPa seemed to
enhance the stability of the solid electrolyte and improve the battery performance, but pressures above that
resulted in a decrease in the capacity caused by non-uniform SEI formation and an increase in lithium dendrite
growth. Another example that showed the role of external pressure is the 2D silicon carbon free sulfide solid
electrolyte battery which was mentioned before [52]. This battery showed incredible performance with an
average coulombic efficiency of 99,95% and a capacity retention of 80% after 500 cycles using a 99.9 weight %
silicon anode. But this result was obtained by using a cell with a large stack pressure of 50 Mpa contionously
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Figure 2.12: A figure showcasing the capacity vs voltage graphs of a 2 identical batteries where A is subjected
to a decreasing pressure every cycle and B being subjected to the same pressure of 50 Mpa every cycle [52]. As

you can see the battery A where the pressure gets reduced every cycle shows a lot more capacity loss then
battery B.

being applied to the battery. The results obtained with the same battery chemistry but now with a decrease
in pressure every cycle are shown in figure(2.12). So an extra device has to apply this external pressure. And
taking into account the extra space this device will have to take in of course reduces the energy density of the
battery. So whether or not the use of this pressure is worth it will have to be looked into further.

2.7.5. Limited capacity cycling
One relatively simple solution that helps deal with the large expansion of silicon is to just not use the full
capacity of the material so it will expand less. This will lower the energy density of the battery since less
lithium will be stored per gram of silicon, but since silicon has the ability to store more then 10 times the
amount of lithium then graphite per gram, which is currently often used on the anode side, this could still be
an improvement even if part of the silicon capacity remains unutilized. [58] modeled silicon nano particles
of different sizes and mixing those sizes to see how much the particles could be lithiated without fracturing.
They showed for 1 and 2 micrometer particles that the lithiation shouldn’t exceed 66 and 60 % respectively.
Some actual batteries where also made by [59] to test this, this was done by using a composite anode of Si
micro particles with carbon additive, Li6PS5Cl SE and a NMC cathode. The anode was only charged to 800
mAh/g of Si which showed good electrochemical performance while still having a 28% higher energy density
with the partially charged silicon then a graphite anode would have. And this was done without a device that
maintained a external pressure on the battery while it was cycling. The people from E-magy also suggested to
only use part of the silicon materials capacity to preserve the crystalline backbone [48] of the material that
keeps the nanopores intact.

Ideally we want to make use of as much of the available capacity of the Si as possible, so it will be interesting to
see what amount of capacity utilization is best suited for the batteries made in this thesis with the use of the
nanoporous E-magy Si material and the high ionic conductivity Li5, 5PS4, 5Cl1, 5 solid electrolyte.



3
Thesis research question and sub questions

In this small chapter we will formulate the research question that this thesis will try to answer. This will be
followed by formulating some smaller questions that will help with answering the main question.

3.1. Research question
The main research research question is:

How can nanoporous silicon be used to improve the performance of solid state batteries using
argyrodite solid electrolyte?

Research Question 1, Main question

The E-magy nanoporous material has already been proven to improve the cycling stability compared to regular
silicon in liquid electrolyte batteries. And because of the many benefits of all solid state batteries, it will be
interesting to see if this is also the case for solid state batteries.

3.2. Sub questions
To answer the main question, batteries will be made using high conductivity SE with sulfide and halide
properties called lithium argyrodite (Li6PS5Cl), a small modification to his materials composition leads to the
creation of Li5, 5PS4, 5Cl1, 5 which has a greatly improved ionic conductivity, but has been shown to behave
less stable at lower potentials. This brings us to the first sub question:

Can the use of Li5, 5PS4, 5Cl1, 5 help to improve the battery performance when compared to
Li6PS5Cl in solid state batteries using silicon?

Research Question 2, Sub-question

Silicon is often combined with other additives, meant to improve the ionic and electronic conductivity, to
create a composite powder mixture electrode. In this research we will use the Li5, 5PS4, 5Cl1, 5 SE and carbon
nanofiber as additives. Which precise composition is the best and if these additives are even necessary will
have to be seen. So that brings us to the following question:

Will the addition of Li5, 5PS4, 5Cl1, 5 and CNF as additives to the powder silicon composite electrode
improve the battery cycling results and what composition performs the best?

Research Question 3, Sub-question

But a dry powder mixture is not the only way of making a silicon electrode, another way is by mixing the silicon
with a binder and a solvent to make a wet slurry and deposit the mixture on a Cu sheet that can be punched to
make Si electrodes. It can be interesting to see how these 2 techniques compare to each other, which gives us
the following question:
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How does the battery performance change when silicon deposited on Cu electrodes is used instead
of the Si/SE/CNF dry powder mixture electrode?

Research Question 4, Sub-question

A way of reducing battery degradation resulting from silicons large volume changes is, only partially lithiating
the silicon so not the full capacity is utilized. This does however reduce the energy density of the material, but
the increased stability and capacity retention could outweigh this downside. So the following question arises:

How does partial lithiation of the silicon by limiting the utilized capacity influence the battery
performance?

Research Question 5, Sub-question

These are some of the questions that we we will try to answer to help come to a conclusion about the main
research question in the conclusion chapter(6). But before that the methodology (4) will be discussed and the
results on which these answer will be based are discussed in the results chapter(5).



4
Methodology

This chapter will discuss which techniques where used to get an answer to the research questions from the
previous chapter. First an explanation will be given about the materials inside the batteries and how the
solid electrolyte was synthesized. How the purity of the SE was tested using XRD is up next. Then a detailed
description of the solid state battery making process is given, which is followed by an explanation of the
battery cycling procedure. After which a explanation of the mixing methods that are used is given. Then the
step by step procedure of creating the Si on Cu deposited electrodes will be explained. Afterwards electronic
impedance spectroscopy (EIS) will be discussed and how it can be utilized for this research. And to close off
how the ionic conductivity of the solid electrolytes was determined is discussed. All techniques are performed
under room temperature and a atmospheric pressure unless it is mentioned otherwise.

4.1. Materials inside the battery
This section will go over the materials that are used inside the batteries throughout this thesis project

4.1.1. Solid state synthesis for the solid electrolyte
The solid electrolyte used in the battery cells had to be synthesized. This was done by first calculating the right
amount of each chemical that has to be added together to form the right composition. This composition is
then made in the glove box by weighting the chemicals in powder form and adding them together so they can
be mixed using a mortar and pestle. After mixing/grinding the material mix for 10 minutes a homogeneous
powder should be left. This powder mix can now be pressed into 500 mg pellets using 49 MPa created by a
hand press machine in the glove box. The pellets now should be added inside a glass testing tube. The testing
tube will be sucked into a vacuum state using a pump and the testing tube with the pellet inside is then closed
off using a blowtorch. The vacuum closed of tubes with the the pellets inside can now be placed into the oven
to continue the synthesis process. The temperature, duration and ramp time of the oven can all be tuned to get
the preferred material properties. In this case a maximum oven temperature of 450◦C with the oven ramping
up to this temperature by increasing the temperature 1 100◦C every hour. Once 450◦C is reached the oven
will remain that temperature for 2 hours. And then the oven will continuously cool down again 100◦C every
hour until 20◦C is reached. These parameters can of course be optimized for each material to try to maximize
the ionic conductivity. But that is not the focus of this thesis project so oven conditions where taken from my
supervisor Ajay Gautam who has had a lot of experience with this synthesis process and with synthesizing
SE’s in general in for example [31]. This synthesis process resulted in ionic conductivities of 2,9 mS/cm for
Li6PS5Cl and 7,5 mS/cm for Li5, 5PS4, 5Cl1, 5. How these conductivities where determined is explain in the
separate section ionic conductivity of the solid electrolyte (4.8)

After the synthesis process has been completed the material purity has to be checked using XRD-analysis
which is explained further in the XRD section(4.2). The conductivity is also checked using electrochemical
impedance spectroscopy. If the material purity and conductivity are sufficient the material can now be used in
the solid state battery cells.

Both the regular argyrodite and the Cl rich variant where synthesized with this method. The other powders
that where used where all already available in the lab, and in the case of the E-magy silicon, it was provided by
the company [48].
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Figure 4.1: The pellets SE pellets after they have been heat treated overnight, they are now ready to be
removed from the glass tube to be ground into SE powder in the glove box.

4.1.2. E-magy Vs non porous silicon
Both silicon powders where readily provided. To see if the nanopores improve the performance of the silicon
material, it will be best to compare the material from E-magy with a silicon material that is similar but without
the nanopores. That way, if we see any difference between the performance of the materials we can say with
more certainty that this difference is caused by the nanopores and not by other factors. The other silicon that
is used throughout this research project has a particle size of 1-5 microns which was the most comparable size
to the E-magy silicon which has a particle size distribution where 90% of the particles are smaller then 7,3 µm,
50% is above and 50% is below 3,4 µm and only 10% is below 1,6 µm. So the particle sizes of both silicon types
are very similar. This other silicon type will be referred to as "Commercial" or "Com" silicon throughout this
project.

4.1.3. Lithium indium (LiIn) and Cu current collectors
The materials on the silicon side and the SE have now been discussed, but there is also materials on the other
side of the SE that makes up the other electrode. Not just lithium, but a lithium indium alloy is used as the
electrode on this side of the battery. The indium is added instead of using pure lithium because of undesired
reactions occurring between the sulfide SE and the lithium, and because of more lithium dendrite formation
when pure lithium is used [60]. LiIn also forms a more stable interface at the SE and maintains a more
stable potential which is important when using a two-electrode measurement set up since then the reference
electrode and counter electrode are not separate so it should be very stable to get reliable measurements [61].
The equilibrium redox potential at room temperature of the LiIn electrode is 0,62 V vs Li+/Li [62]. Because all
batteries we made us LiIn instead of Li, the potentials will be displayed against LiIn in the results graphs. In the
batteries a LiIn composition is made by putting a 8 mm diameter and 42 mg indium pellet on the SE Pellet in
the cylinder PEEK, then adding a 5 mm diameter 2-3 mg lithium pellet, and then adding a 10 mm diameter 6,8
mg Cu pellet on top of the lithium pellet. Then the cell is closed and the materials are pressed together. The
exact step by step procedure of making the entire battery is discussed in the Solid state battery preparation
section(4.3). Cu is used since it is very stable in the potential windows the batteries will be cycled in as was
discussed in the Current collector section )2.4.4).

4.2. X-ray diffraction (XRD) to check material composition/purity
Powder XRD is a powerful lab technique that can provide us with information about the sample such as: Phase
identification, sample purity, crystallite size, and in some cases, morphology [63]. This information is gained
by emitting X-rays on the sample we want to research and then detecting the X- rays after they leave the sample
again with a detector. The wave length of x-rays is similar to the wavelength of the crystal structures that
make up the material. The X rays will scatter inside the sample and it is important to note that crystals have
a structure that repeats itself. And the x-rays interact with each other by either destructive or constructive
interference. Constructive will increase the intensity of the x-ray and the opposite will happen for destructive
interference. This x-ray pattern is then detected by the detector after it went thought the sample. And this
pattern can then be used to trace back what the d-spacing between the crystal planes of the material was. This
is possible since each material has a different d-spacing, so each material also has a specific pattern [64]. This
can be done with the help of Bragg’s law since this relates the d-spacing to the scattering angle.
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nλ= 2d si n(θ) (4.1)

In this law n is an integer, λis the wavelength of the x-ray, d is the lattice spacing and 2θis the difference between
the scarred beam and the angle of incidence. See the left side of figure(4.2) to get a better understanding of
what θand d mean. If n is a whole number, so an integer, it will mean that the x rays interfere constructively
which can be seen as a high intensity peak in the graph which is created as a result of the XRD measurement.
The graph i am referring to shows the intensity vs 2θ. These peaks and there intensities can now be used to
identify the structure of the material of the powder that we are analyzing.

Figure 4.2: Visualization of the way X rays are diffracted in a sample on the left, and a simplified depiction of
an XRD machine setup on the right [65].

XRD was used to check composition of the synthesized solid electrolytes to make sure no or at least a minimal
amount of impurities were present. In order for the XRD spectrum to be accurate the sample that you put into
the machine must have a very flat surface. So the XRD would be done with the synthesized sample. And the
resulting intensity vs θgraph we get from that is compared to the XRD spectrum of sample of a pure Li6PS5Cl or
Li5, 5PS4, 5Cl1, 5 sample to be certain that it is pure. If the graph overlaps with the graph from the pure sample
we can say that the material we synthesized is free of impurities.

The XRD measurements where done with a XPert-Pro diffractometer from Malvern Panalytical. It had a
radiation source which emitted Cu Kαradiation at 45 kV and 40 mA. The samples are put into a airtight XRD
holder in the glove box and then transported to the XRD-measurement machine. The measurement is done
under atmospheric pressure and at room temperature.

4.3. Solid state battery preparation
Battery cell cycling and preparation was a big part of the experimental work that lead to this thesis report,
therefore this will be treated extensively in this section. First there will be a quick overview of the components
a solid state battery cell consists off, then how the to be cycled cells are prepared.

4.3.1. Cell Components
• 2 stainless steel metal holders with 10 mm diameter tips.

• 2 o rings

• 10 mm inner diameter air tight cylinder made from PEEK (Polyether-ether-ketone)

• 3 screws with 3 metal rings and 3 plastic washers.

figure(4.3) shows all the cell components both disassembled and assembled.

The cathode / anode description might be a bit confusing here since silicon was always mentioned as a
material that is used as the anode for solid state lithium ion batteries. But in these cells that we are making
the electrochemical potential of the Li/In alloy is even lower then the electrochemical potential of the silicon.
So by the definition of anode and cathode we should then call silicon the cathode material in these specific
experiments.

The small metal tips from the 2 metals parts can be detached by undoing the small screws at the bottom. This
is necessary for the cleaning, and the small screws need to be replaced if you see that rust is starting to form
on them. If you don’t replace it when it starts rusting it gets very difficult to turn the small screw. And you
want to be able to remove these tips since using high pressures causes them to deform a bit after a few cycling
instances. Then they will no longer fit in the cylinder and you wont be able to close the cell of anymore.
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Figure 4.3: The components of a solid state battery testing cell, disassemble on the left and assembled on the
right.

4.3.2. Preparation of the Cell
We will now go through the process of making a solid state testing battery step by step:

1. Remove the battery cell parts from the 80 degrees vacuum oven after they have dried there overnight.

2. Move the cells into the glove box by following the necessary steps of vacuuming and flushing the
antechamber at least three times with argon gas.

3. Now it is save to move the cells into the glove box.

4. After you moved the cells into the glove box make sure to put the antechamber on vacuum again to
minimize the possibility of air leakage.

5. Before you start making the cells make sure you have all your necessary tools, powders and pellets
available to prevent having to go in and out of glove box multiple times while you are working.

6. Put on extra gloves over the glove box gloves to keep them clean and prevent punctures. Now its finally
time to start making battery cells.

7. Remove the O rings from the metal assembly parts if they are still in there.

8. Put the cylinder on one of the metal assembly parts.

9. Weight the correct amount of solid electrolyte material, in all batteries we use 80 mg of SE which is a
similar amount as [66], and add it in the cylinder.

10. Close the cylinder off with the other metal part.

11. Use the electric machine press to apply 1 ton of pressure for 5 seconds to get a nice and evenly distributed
solid electrolyte pellet. This pressure of 1 ton is equivalent to a pressure of 124,8 Mpa for the surface area
in the 10 mm diameter cylinder.

12. Take off one off the metal parts.

13. Weight and add the correct amount of active material, this could be a mixture of silicon/SE/CNF or a
copper pellet with silicon coated on it, depending on which experiment you are conducting.

14. Add one O ring in the metal part you removed before and put it on the cylinder again.

15. Use the electrical mechanical press for 5 minutes at 2,5 ton (312 MPa).

16. Take out the cell and turn it upside down. Make sure not to remove the wrong metal part of the cell since
this will break the contact of the active material and the solid electrolyte that was just formed by pressing
them together. This mistake in some earlier cells of the project seemed to lead to worse cell performance.
That is why it is important to already add the O ring on that side, so you don’t have to open that side
again to add the O ring later.

17. Now open the cell on the side that has no active material, in other words take off the metal part that has
no O ring added yet.
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18. Put the indium pellet of 42 mg and 8 mm diameter in the middle of the SE surface inside the cylinder.
These pellets can be pressed outside of the glove box since indium does not undergo a spontaneous
reaction in air.

19. Punch a 5 mm diameter 2-3 mg lithium pellet out of the flat rolled lithium metal, or roll it flat yourself if
its not there yet. This can not be done outside the glove box since lithium will react in an environment of
normal air. Make sure to place the pellet of lithium in the middle of the indium pellet and check if it is
stable and wont slide of the indium. This is important since the lithium should not be in direct contact
with the SE.

20. Add a 10 mm diameter 6,8 mg copper pellet on top of the lithium pellet, drop this pellet in carefully so it
does not push the lithium off the indium.

21. Add an O ring to the remaining metal part and put the part in the cylinder to close off the cell.

22. Add the screws with metal rings and the plastic washers pieces to fit tight through the hole and and turn
them to close the cell.

23. Put the cell in the electric mechanical press with a pressure of 0,5 ton (62,4 MPa) . While the press is on
use the hex key to tighten the screws further. You might have to turn the press off to turn the cell 180
degrees and then turn it back on so you can tighten all screws. The screws should be so tight that you
can’t turn the hex key by lightly pressing it to the side with one finger.

24. Remove the cell from the press and write with a marker what the composition of the material inside the
cell is so you don’t get your cells mixed up.

25. Put each cell in a separate latex glove so they can’t make contact with each other or other metal that
could short circuit them.

26. Take the cells outside of the glove box. Make sure the antechamber you use to take out the cell is flushed
with argon gas so no regular air will enter the glove box when taking out the cell.

27. Now the cell is ready to be used for impedance measurements and cell cycling, but more on that in the
next sections.

All cell compositions are made at least twice to make sure the results are reliable and reproducible. If a certain
compositions performs other then is expected or both of the same cells show a large deviation in performance,
so capacity and capacity retention, more cells are made to get more certainty about the results.

4.4. Solid state battery cell cycling
This section will discuss the battery cycling process by first explaining some key concepts for battery cycling,
then showing some graphs that use the data we get from battery cycling and then giving some values and
calculations on what specifications are used for the battery cycling that is done in this research project.

4.4.1. Battery cycling theory
Now that the batteries are made and tested with EIS, the cell cycling can finally begin. Galvanostatic cycling
measurements are made with the batteries, where a constant current is applied and the resulting voltage
is measured. The current applied will be determined by the capacity we want to reach and the C-rate that
is defined. A C-rate of 1 means that the battery will charge in 1 hour, and a C-rate of 1/20 will mean that
the battery will charge in 20 hours, so a full charge/discharge cycle takes 40 hours. The applied current is
calculated so that the capacity we are trying to reach will be reached in the time defined by the C-rate.

The potential will change during the cycling process and sometimes the potential will start to become either
to low or to high, which can have negative effects for the material in the cell. For example to low potentials
can start lithium plating, where metallic lithium forms on the anode side instead of the lithium intercalating
or alloying with the electrode [12]. Or unintended potentials could lead to unwanted side reactions and
electrolyte decomposition when the voltage gets out of the electrochemical stability window of the material.
For reasons like this voltage limits are set to make sure the voltage stays in that range. If the voltage limit is
reached while the battery is charging the machine will force the battery to start the discharge process, and if
the limit is reached while discharging it will start the charging process, even if the intended capacity cycling
time is not reached yet. If no voltage limits are set the machine will eventually stop the measurement if the
potential gets to high or to low at for example -5 V vs Li/LiIn.
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If we take a look at Ohms law, which is:

I = V

R

With I being the current in Ampere, V being the voltage in Volts and R being the resistance in Ohm. Then it
becomes clear that if we want to charge and discharge the battery with a constant current I, the voltage V will
have to go up if the resistance R goes up. This is why the voltage range between charging and discharging will
grow further apart if a cell keeps being cycled and the battery starts to degrade. So that means the voltage limits
that are set for the experiment will be reached quicker and quicker if the resistance in the battery increases, so
the battery will get less time being charged/discharged, which will result in the capacity of the battery getting
lower and lower every cycle.

Instead of only limiting the battery cycling with voltage limits, time limits can also be applied. This method
was used to charge the batteries to only a certain amount of there capacity. This is done by calculating how
much time the battery will need to reach that capacity with the chosen current, and then setting that time as a
limit. A backup voltage limit can still be used when using this time limited cycling in case the voltage gets to
high or to low.

4.4.2. Graphs made from battery cycling data
The battery cycling data can be shown in a graph with the battery charge and discharge capacities on the
y-axis and the cycle number on the x-axis. This type of graph will give insight into how fast the capacity of the
battery fades and on the coulombic efficiency since both the charge and discharge capacities are registered by
the machine. Another graph that gives insight in the battery performance is the potential vs capacity graph.
Multiple cycles of the same battery can be displayed on this graph to see how the capacity and the voltages
that are needed to reach certain capacities change for each cycle. A lot of these two types of graphs are shown
in the results chapter (5) for all the different batteries that where made. Figure(4.4) already gives an example of
what these types of graphs, that are made from the battery cycling data look like.

Figure 4.4: An example showcasing a capacity vs cycle number vs coulombic efficiency graph on the left and a
potential vs capacity graph on the right.

4.4.3. Values used for battery cycling
The voltage limits set for the batteries are -0,57 to 0,48 V vs In/LiIn for all batteries unless it is specifically
mentioned for a certain test in the results section(5). This voltage window should allow a targeted capacity of
3000 mAh/g to be reached while keeping the potential in a range where the materials in the battery remain
stable, these values where chosen since similar values where used by [66], [61] and other people in the SEE
research group who where cycling Si/Argyrodite/LiIn solid state batteries.
For the first set of batteries that was made 2 mg of silicon was present in the electrode. So a capacity of 3000 x
0,002 = 6 mAh is the target. If the C rate is 1/20 the capacity should be reached in 20 hours. So the current will
have to be 6/20 = 0,3 mA. To be able to compare this number with other solid state batteries we want to know
the current per cm2 so this number will have to be divided by the area of the surface between the electrodes
and the SE which is πx 0,52 =0,7854 cm2. So the current density for a cell with 2 mg Si and a C-rate of 1/20 is
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0,3/0,7854 = 0,382 mA/cm2, this current density is similar to the areal densities used in [52]. For all batteries
the first few cycles are done at C/20 so stable interfaces can be slowly formed. First 5 of these C/20 cycles
where done but later from the test results we could see this was not necessary so then only 2 C/20 cycles where
used. After the formation cycles the C-rate is doubled to C/10 (so for 2 mg Si this gives 0,764 mA/cm2) for the
rest of the 50 remaining battery cycles. The amount of 50 was chosen just like in [66] to get a good idea about
the cycling stability of the cell. These test take a lot of time and many different battery compositions are tested
so the cycle number can’t be to high because of practical time constraints.
Later on the switch was made from 2 to 1,2 mg Si in the batteries to reduce the current density, to improve
the performance without having to lower the C-rate and having to wait longer for the batteries to cycle. This
change results in a current density of 0,229 mA/cm2 for C/20 and a current density of 0,458 mA/cm2 for the
C/10 cycles.

4.5. Silicon/SE/CNF powder mixing methods
For the first battery experiments of this thesis a powder mixture of silicon (E-magy and Commercial silicon
where both used to compare them), solid electrolyte (either Li5, 5PS4, 5Cl1, 5 or Li6PS5Cl) and CNF where used.
These mixtures would vary the amount of SE and CNF added to the Si to see which composition was the best.
Similar to how it was done by [66]. These mixtures are called names like 631 Si E-magy Cl1,5. This means that
the mixture contains 60 wt% silicon form the E-magy company, 30 wt % Li5, 5PS4, 5Cl1, 5 and 10 wt % carbon
nano fiber.

Two different mixing methods where used to create these mixtures. For most cells a simple mortar and pestle
where used, shown on the left in figure(4.5) to grind the different powders together until a uniform mixture
with the same color was created. This grinding was done for 10 minutes for each new composition. After which
the mixture could be removed from the mortar by scraping it out with a spatula and storing the material in a
vile.

Some experiments used another mixing method to see how this would affect the battery performance. For
these batteries the mixture was made with the help of ball milling. All powders are then put into a ball mill jar
inside the glove box with the correct proportions. Ball mill jars with balls are shown on the right of figure 4.5.
But instead of grinding it by hand, small balls are added to the powder mixture, the jar is then closed of air
tight and taken out of the glove box and placed in the ball mill machine. This machine rotates very quickly
making the balls and the powder move inside the jar to mix the material. A time of 5 min spinning and 5 min
rest was chosen for each ball mill cycle, with 48 cycles being completed in succession. The 14 balls in each jar
had a diameter of 10 mm and are made of tungsten carbide.

After the ball mill machine was finished, the ball mill jars are placed back in the glove box and the material can
be scraped out of the jar using a spatula. The jars can the then be removed from the glove box and be cleaned
by filling them with some water and sand, and then running the ball mill machine again. Repeat this process
until the balls and jars are all clean again and don’t look dusty anymore.

Figure 4.5: On the left a mortar and pestle are shown and on the right 2 opened ball mill jars are shown.
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4.6. Coated Si on Cu
After the pour results of the powder Si battery cycling tests it was decided to take a look at how the material
performs when the silicon is applied as a coating instead of a powder mix. Before silicon powder was mixed
with electronic and ionic conductive additive powders and then simply mixed with a mortar and pestle inside
of the glove box. Now the silicon powder will be mixed with a binder powder and and a liquid solvent to create
a slurry. This slurry can then be deposited on a copper foil sheet which will act as the current collector. The
copper foil with the slurry on top of it will then be heated, and the solvent will evaporate out of the material.
The end result is a copper foil sheet with a layer of silicon deposited onto it. Circles can be punched out of this
sheet to create electrodes which can be used in the solid state battery cells.

There are a few parameters that have to be taken into account during this procedure.

• The Binder: For the binder polyvinylidene fluoride (PVDF) was chosen since this was also used by [52] to
create there carbon free silicon anodes. One weight percentage of PVDF was added since this amount
was recommended and led to good Si coatings within the research group.

• The Solvent: N-Methylpyrrolidone (NMP) liquid was chosen as a solvent to mix together with the PVDF
and the silicon. The NMP is necessary because the PVDF binder only dissolves into NMP and not in
water [67]

• The Mixing speed: A mixing speed of 900 RPM for one hour was chosen to make sure the powder/liquid
mixture would turn into a thick homogeneous slurry. Figure(4.6) shows the mixing setup.

Figure 4.6: The setup used for mixing the silicon, NMP and PVDF into a slurry.

• The Coating thickness: The coating thickness is directly correlated to the amount of active material on
the electrode you end up with. And the active material mass directly affects the capacity and the battery
degradation so to be able to compare the different batteries we want to be able to make electrodes with
the same thickness. This is done by using a doctor blade that has a gap with a predefined thickness on
each side, this tool is shown in figure(4.7). The blade is then moved over the slurry to spread it out over
the Cu foil. The thicknesses of gaps in the blade that was used are 50, 100, 150 and 200 micrometer. The
first time 50, 100 and 150 micrometer were all used to see what silicon weight those thicknesses would
give. After punching the electrodes, it became clear that using the 50 micrometer thickness gave silicon
masses of around 1,2 mg. Take note that we say around 1.2 mg. The weight would vary between 0,9 and
1,5 mg. This is the case because it proved quite difficult to get the coatings as a uniform thickness. But
this was not a problem since a lot of coating was made at once. So the the pellets could be weighted on a
scale outside of the glove box to select only the pellets that had a weight of 1,2 mg silicon deposited onto
them. The weighting of the pellets is shown in figure(4.8).

• The slurry drying temperature and time: After the slurry is spread out over the Cu sheet, the sheets are
first quickly dried with the setup shown on the right side of figure(4.7). If the material is then dried
enough so it doesn’t move anymore when tilting the sheets, it can be moved to a large vacuum drying
oven. During the drying of the coated electrodes the solvent (NMP) will dissolve and evaporate out of
the material. To make sure all solvent is evaporated the coatings are dried in a vacuum oven with 100
degrees Celsius overnight. The dried coating and the dried coating after the electrodes are punched out
of it are shown in figure(4.9).
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Figure 4.7: On the left the doctor blade is shown. An don the right side the drying setup where the slurry
covered sheets are dried is shown.

Figure 4.8: Weighting of the pure Cu pellet and the Cu with Si deposited pellet, showcasing a weight difference
of 1.2 mg.
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Figure 4.9: Si on Cu before and after the electrodes have been punched out.
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4.7. Electrochemical impedance spectroscopy EIS
Electrochemical impedance spectroscopy is a powerful method we can use for analyzing electrochemical
systems in a non destructive way. So that means a battery can be subjected to this testing method without it
influencing how the battery will perform when cycling it in the future, or it can also be done in between battery
cycles without influencing the cycling process. During EIS a small sinusoidal perturbation voltage called E(t) is
applied to the battery. This small voltage perturbation result in a linear current density called j(t). This j(t) has
the same frequency as input E(t) but the amplitude and phase can be different [68] The ratio of E(t) and j(t) is
defined as the impedance, see the formula below. A easier definition of impedance according to [69] is: ’the
resistance that interrupts the current flow when an AC voltage is applied to the circuit’.

Z (t ) = E(t )/ j (t ) (4.2)

What makes EIS so useful is that by varying the frequency of the voltage E(t), we can see how the battery
responds at different frequencies/timescales. For example at low frequencies slow processes like diffusion will
be dominant on the spectrum while at high frequencies faster processes like ion migration are more dominant.
The way we actually use this Impedance data is by looking at Nyquist and Bode plots. For these plots it is
important to realize that E(t) and j(t) are sinusoidal signals so they contain phase and magnitude information
so they can be written as complex numbers, so the impedance Z is also a complex number consisting of a
real R(Z) (or Z’) and a imaginary Im(Z) (or Z") part. This Re(Z) and Im(Z) can then act as the y and x axis of a
Nyquist plot. We can now try to recreate this Nyquist plot by modeling the battery as an equivalent circuit.
This circuit is made out of components which are shown in figure 4.10. If we then create a circuit that correctly
models the batteries behavior we can fit the EIS data to this circuit. This can then tell us for example about
the ionic resistance of the solid electrolyte by modeling it with a resistor element or about the charge transfer
resistance and double-layer capacitance at the silicon/solid electrolyte interface by modeling it with a resistor
in parallel with a Constant Phase Element(CPE).

Figure 4.10: A showcase of the circuit elements which are used in EIS. For each circuit element an explanation
is given about its physical meaning, or in other words what the element is trying to model/represent [68].

Before doing the impedance measurements the cells where first let to rest for 2 hours. This was necessary
because if the cells where immediately connected to the machine after being prepared in the glove box, the
OCV was not stable and slowly going up. After 2 hours it could be seen that the OCV got to a stable number for
all the cells. EIS was performed on all battery cycles both before and after cycling to see what kind of effect the
battery cycling had on the different compositions.

The EIS measurements are done with an EC lab Potentiostat. All measurements done in this study make use
of a small voltage perturbation, so to be more precise we can say Potentiostatic Electrochemical Impedance
Spectroscopy (PEIS) The measurements are done in a frequency range between of 7 MHz and 100 mHz. With
15 frequency points per decade and the amplitude of the signal was 10 mV. The results are shown on Nyqsuist
plots showing the real vs the imaginary impedance. To analyze the data, easily compare the Nyquist plots and
to fit the equivalent circuits to the data, RelaxIS 3 [70] software is used.
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4.8. Ionic conductivity determination solid electrolyte
Before the synthesized electrolyte can be used, the ionic conductivity should be checked to make sure it is
similar to the conductivity other people report so we can use it in the batteries. To do this a battery cell is made
but with only SE inside it. The SE powder is then pressed into a pellet with the same pressure cycles as all the
other solid state batteries where subjected to, so first 1 ton for 5 seconds to check if a smooth pellet is being
formed and then 5 minutes at 2,5 ton. The cell should then be closed with the pellet inside it and the battery
can be connected inside the glove box to do a EIS measurement. For Li5, 5PS4, 5Cl1, 5 this gives a spectrum like
shown in figure(4.11).

The conductivity can be calculated by using the resistance we get from the EIS measurement with the following
formula’s [68]:

σ= L

(R · A)
(4.3)

A =πr 2 (4.4)

In this formula L represents the thickness of the SE pellet in cm, R is the resistance inΩ gathered from the EIS
and A is the area of the circular surface of the pellet in cm2. The resistance is gathered from the EIS data by
looking at the Nyquist plot. The point where the line crosses the x-axis at Z" is 0, and this shows the resistance
caused by the solid electrolyte [71]. The Nyquist plot shown in figure(4.11) shows a resistance of 24,85Ω. The
thickness of the pellet is determined by carefully opening the cell again after the EIS measurement is done.
The pellet can then be removed from the cell and the thickness can be measured as show in figure(4.11). Parts
of the pellet break off quite easily during this process. So there has to be made sure that the surface you are
measuring is the thickness between the most outer smooth surfaces of the pellet, since that was the thickness
of the whole pellet before it got removed from the cell. The area of the pellet is know since we know that the
inner diameter of the cylinder where the pellet it pressed into is 1 cm.

To give an example we now fill in all these values we got from Li5, 5PS4, 5Cl1, 5 into the equation, we get:

σ= L

(R · A)
= 0,1472cm

24,85 ·π ·0,52 = 7,546 ·10−3S/cm = 7,546mS/cm (4.5)

This value agrees with the ionic conductivity of 7 mS/cm found in [32] and 9,5 mS/cm from [72] [73]. The same
procedure was followed for the Li6PS5Cl powder and this showed a ionic conductivity of 2,87 mS/cm which is
also in agreement with conductivity of 2,9 mS/cm for the same material reported by [32].

Figure 4.11: On the left device that was used to determine the thickness of the SE pellets is shown, and on the
right part of the EIS graph is shown that shows how the cell resistance can be read of the point where the

Nyquist plot crosses the x-axis at Z" is 0.
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Results

In this chapter an overview of the results obtained with the solid state battery cells is shown. Like mentioned
in the research question chapter, multiple factors where varied in these batteries to make a comparative study.
This chapter for the most part, follows the chronological timeline in which the experiments where conducted
throughout the project.

5.1. timeline of the completed experiments
The first set of experiments was aimed at finding the best composition by changing the ratio of silicon, SE,
and CNF in the electrode mixture. This was done for bot the commercial (Com) and E-magy silicon material.
The best composition was selected to be used in experiments that followed. Next up a comparison was
made between batteries of the same composition but with a different current density applied to them to
see how much impact this had on the battery performance. After this some cells where made to see how
the performance would change if Li6PS5Cl was used instead of Li5, 5PS4, 5Cl1, 5. And the final experiments
done with the dry powder Si/SE/CNF composite electrode where about the mixing method of the mixture, by
comparing hand grinding with a mortar and pestle with mixing by using a ball mill machine.

The results of those experiments where interesting but the battery capacity and degradation where still not
up to par with the results we where trying to achieve. For his reason a switch was made from using a powder
mixture of Si/SE/CNF, to now use silicon deposited on Cu pellets as a electrode instead. This was done for both
the E-magy and Com silicon. And also with both the Li5, 5PS4, 5Cl1, 5 and the Li6PS5Cl solid electrolytes. This
gave some promising results but it was still difficult to reproduce the good cycling stability that was observed
in some of the batteries. The final set of experiments aimed at looking how the battery performance would
change if the capacity of the silicon was limited to only part of its total storage capacity. This set of experiments
was done for both types of silicon and both types of solid electrolyte.

The following tables give an overview of the conducted series of experiments. These tables are shown in each
result section where they belong. But they are also shown here to give a quick and easy overview of the different
experiments.

The first tests where done to see which composition of Silicon/SE/CNF would perform the best. This was done
both for the E-magy silicon and the commercial silicon.

Silicon type Silicon mass Capacity Solid Electrolyte Compositions Mixing method

E-magy 2 mg 3000 mAh/g Li5, 5PS4, 5Cl1, 5 5/4/1 6/3/1 7/2/1 8/1/1 hand ground

Commercial 2 mg 3000 mAh/g Li5, 5PS4, 5Cl1, 5 5/4/1 6/3/1 7/2/1 8/1/1 hand ground

E-magy 2 mg 3000 mAh/g Li5, 5PS4, 5Cl1, 5 7/2 No Carbon hand ground

The first 5 Cycles have a C rate of 1/20, all other cycles have a C-rate of 1/10

The cycling is potential limited with a lower and upper limit potential of -0,57 to 0,48 (V vs In/LiIn)

Table 5.1: This table summarizes some of the important parameters of the composition testing experiment
series.

31
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From these tests 6/3/1 seemed to perform the best. But the initial battery capacities where very low and faded
quickly during the battery cycling. Because of this, the decision was made to lower the amount of active Si
material to 1.2 instead of 2 mg. And the applied current was adjusted accordingly. This had the desired effect
which becomes very clear if you compare the data between 1.2 and 2 mg.

Next a comparison was made between the 2 dry mixing methods: Hand grinding and ball milling.

Silicon type Silicon mass Capacity Solid Electrolyte Compositions Mixing method

E-magy 1.2 mg 3000mAh/g Li5, 5PS4, 5Cl1, 5 · 5 6/3/1 Hand ground

Commercial 1.2 mg 3000mAh/g Li5, 5PS4, 5Cl1, 5 6/3/1 Hand ground

E-magy 1.2 mg 3000mAh/g Li5, 5PS4, 5Cl1, 5 6/3/1 Ball milled

Commercial 1.2 mg 3000mAh/g Li5, 5PS4, 5Cl1, 5 6/3/1 Ball milled

The first 5 Cycles have a C rate of 1/20, all other cycles have a C-rate of 1/10

The cycling is potential limited with a lower and upper limit potential of -0,57 to 0,48 (V vs In/LiIn)

Table 5.2: This table summarizes some of the important parameters of the ball mill vs hand grind experiment
series.

Now instead of making a Si/SE/CNF powder mixture, the silicon is deposited directly on a Cu foil current
collector. This resulted in higher initial capacities and less degradation during the cycling then the powder
mixtures. A comparison is made between Com and E-magy Si and between regular and Cl rich argyrodite.

Silicon type Silicon mass Capacity Solid Electrolyte Compositions Electrode type

E-magy 1.2 mg 3000 mAh/g Li5, 5PS4, 5Cl1, 5 1% PVDF Si deposited on Cu

Commercial 1.2 mg 3000 mAh/g Li5, 5PS4, 5Cl1, 5 1% PVDF Si deposited on Cu

E-magy 1.2 mg 3000 mAh/g Li6PS5Cl 1% PVDF Si deposited on Cu

Commercial 1.2 mg 3000 mAh/g Li6PS5Cl 1% PVDF Si deposited on Cu

The first 2 Cycles have a C rate of 1/20, all other cycles have a C-rate of 1/10

The cycling is potential limited with a lower and upper limit potential of -0,57 to 0,48 (V vs In/LiIn)

Table 5.3: This table summarizes some of the important parameters of the Si deposited on Cu full capacity
testing experiment series.

Limited capacity testing: The conditions with these tests are the same as for previous one but now we want
to see what happens if we try to limit the capacity of the material. This is done by using time constraints.
The tests are done for capacities of 1000, 1500 and 2000 mAh/g. Again for both E-magy and Com Si, and for
Li6PS5Cl and Li5, 5PS4, 5Cl1, 5

Silicon type Silicon mass Capacity Solid Electrolyte Compositions Electrode type

E-magy 1.2 mg 1000, 1500, 2000 mAh/g Li5, 5PS4, 5Cl1, 5 1% PVDF Si deposited on Cu

Commercial 1.2 mg 1000, 1500, 2000 mAh/g Li5, 5PS4, 5Cl1, 5 1% PVDF Si deposited on Cu

E-magy 1.2 mg 1000, 1500, 2000 mAh/g Li6PS5Cl 1% PVDF Si deposited on Cu

Commercial 1.2 mg 1000, 1500, 2000 mAh/g Li6PS5Cl 1% PVDF Si deposited on Cu

The first 2 Cycles have a C rate of 1/20, all other cycles have a C-rate of 1/10

The cycling is time limited to control the amount of capacity that is utilized.

There is still a upper voltage limit in place for all batteries at 0,48 (V vs In/LiIn)

and for the Li6PS5Cl experiments there is also a lower voltage of -0,57 (V vs In/LiIn)

in case the potential limit is reached before the time limit

Table 5.4: This table summarizes some of the important parameters of the Si deposited on Cu limited
capacities experiment series.
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5.2. Short explanation of graphs
Here we will give short explanation about the graphs that are used to show the results in this section

5.2.1. Capacity vs capacity vs coulombic efficiency
For each experiment the specific capacity (mAh/g) vs cycle number vs columbic efficiency (CE) graphs are
shown. These graphs give insight in the initial capacity of the battery, the battery degradation and on how the
coulombic efficiency changes during the cycling process. Most of these graphs are made with the results of two
or more batteries, so the lines in these graphs are the averaged result of multiple batteries. The colored area
around these lines shows the error of the average. So if a graph consists of the results of two batteries, then the
top edge of the colored area shows the capacity and coulombic efficiency of one battery, and the bottom edge
of the colored area shows the capacity and coulombic efficiency for the other battery, together they combine
into the averaged line in the middle. So if the colored area is very small it means that the batteries for that
experiment had very similar results. Some graphs show only the result of one battery cycling test so then no
colored area indicating the error is displayed but this will be explicitly mentioned later.

5.2.2. Voltage vs capacity curves
The second plot that is shown for most batteries shows the voltage vs the capacity in (mAh/g). This graph
helps us see how the voltage changes as the battery charges and discharges and how the capacity changes for
each battery cycle. Some things to keep in mind when looking at these graphs is that the discharge capacity of
the first cycle is usually lower then that of the second cycle since the SEI layer is being formed which consumes
part of the lithium and therefore lowers the coulombic efficiency of the first cycle to around 80%. After this
first cycle the lines typically follow the trend of the earlier cycles being on the right at the higher capacities and
the later cycle being on the left at the lower capacities. The bottom part of the graph shows the potential when
the Si is being lithiated and lithium is moving away from the LiIn alloy, and the top part of the graphs show
when the lithium is moving out of the silicon and back towards the LiIn side. So the first process is defined as
charging and the second process discharging. This convention is kept in the graphs and used for calculating
the coulombic efficiency as follows:

CE = Qdischarge

Qcharge
(5.1)

Usually a larger capacity drop between 2 cycles can be seen when the C rate goes up. In the first set of
experiments the first 5 cycles have a C rate of 1/20 which then drops to 1/10 for the remaining cycles. In later
experiments only the first 2 cycles have a C-rate of 1/20 and all the other cycles are C 1/10. But this will be
mentioned later in the specif results per experiment too. For the capacity vs cycle number graphs, averages of
multiple batteries are shown together in one plot. But in the potential vs capacity graphs showing average
lines with errors made the graphs very cluttered and hard to understand. That is why the choice was made to
show only the data of one battery in the potential vs capacity graphs at the time. If 2 batteries had the same
composition, the potential vs capacity of the best performing battery is shown or it is specified if a worse
performing battery is shown if that gave a more interesting and insightful graph.

5.2.3. EIS spectra, graphs and tables
An EIS measurement was done for each battery before and after cycling. This allowed us to look at the
imaginary and real impedance values in a Nyquist plot, and compare them for the different batteries. The
higher frequency processes are shown on the left of the Nyquist plot and the as the frequency gets lower we
move to the right side of the plot. EIS was done for all batteries but in this results chapter we are mostly
focusing on the EIS spectra of the batteries with the silicon deposited on copper electrodes. So for some
batteries the Nyquist plots will be shown together with the fitted spectra. We also take a look at the values
attributed to the equivalent circuit components of the fitted spectra.
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5.3. Composition testing powder mixture
The first experiment series that was done was aimed at achieving the best performance of the silicon in
combination with a carbon additive and SE. And then to see which ratio of these materials would lead to the
best performance. For these tests Carbon Nano Fibres (CNF) are used to enhance the electronic conductivity
and Li5, 5PS4, 5Cl1, 5 to improve the ionic conductivity. Ideally we want to have to add as little additives as
possible to the silicon since this will reduce the energy density of the material, since the SE and CNF can store
less lithium then the silicon (volumetric and gravimetric). [66] conducted a similar experiment but with 50,
40 ,30, 20 and 10% solid electrolyte, but they used a mixture of 92-93% graphite and only 8-7% silicon for the
remainder of the mixture. They showed that for their compositions the more SE was added the higher the
capacity of the cell was for all the 50 charge and discharge cycles.

Since we ideally want to add less SE in the electrode mixture to keep the energy density of battery high, we
wanted to tee see if it was necessary to add a high amount of SE to get a good performance or if lower amounts
of SE could be used. In our experiments we use Li5, 5PS4, 5Cl1, 5 with a conductivity of 7,7 mS/cm instead of
the Li6PS5Cl they used which had a ionic conductivity of 2,16 mS/cm. Since the electrolyte we use has a lot
higher ionic conductivity we predict that a lower percentage of SE will have to be added to the silicon to ensure
good enough ionic conductivity of the mixture.

It was chosen to use 10% CNF in all cells. The amount of silicon was changed from 50% up to 80% with steps of
10%. The rest of the material was SE. This lead to the following cell configurations: 5/4/1, 6/3/1, 7/2/1 and
8/1/1. With the first number being the amount of silicon, the second number the amount of SE and the last
number being the 10% CNF. Each composition was used in 2 solid state battery cells, or more if it was observed
that the cell short circuited at the start, which still happened sometimes since this where the first cell that
where made and there is quite a lot that can go wrong during the cell assembly.

The composition testing was done for both the commercial silicon as the E-magy silicon. A brief summary of
some of the important parameters of the composition testing experiments is summarized in the table below.

Silicon type Silicon mass Capacity Solid Electrolyte Compositions Mixing method

E-magy 2 mg 3000mAh/g Li5.5PS4.5Cl1.5 5/4/1 6/3/1 7/2/1 8/1/1 hand ground

Commercial 2 mg 3000mAh/g Li5.5PS4.5Cl1.5 5/4/1 6/3/1 7/2/1 8/1/1 hand ground

E-magy 2 mg 3000-mAh/g Li5.5PS4.5Cl1.5 7/2 No Carbon hand ground

The first 5 Cycles have a C rate of 1/20, all other cycles have a C-rate of 1/10

The cycling is potential limited with a lower and upper limit potential of -0,57 to 0,48 (V vs In/LiIn)

Table 5.5: This table summarizes some of the important parameters of the composition testing experiment
series.

The results of the composition test with Com silicon are shown in figure(5.1) by using capacity vs cycle number
vs coulombic efficiency, and potential vs capacity graphs. The same graphs are made for the cycling results of
the composition testing with the E-magy material, which are displayed in figure(5.2)
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Figure 5.1: This figure shows the capacity vs cycle number vs coulombic efficiency graps at the top and the
potential vs capacity graphs at the bottom. For each individual graph is indicated to which composition it

belongs too. 5/4/1 6/3/1 7/2/1 and 8/1/1 compositions where tested in this test series with Com Si.
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Figure 5.2: This figure shows the capacity vs cycle number vs coulombic efficiency graps at the top and the
potential vs capacity graphs at the bottom. For each individual graph is indicated to which composition it

belongs too. 5/4/1 6/3/1 7/2/1 and 8/1/1 compositions where tested in this test series with E-magy Si.
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From the figures(5.1) and (5.2) regarding the composition testing of both the types of silicon a few things can
be seen, these will be displayed by bullet points for clarity:

• The initial capacities of most batteries are around 1500 mAh/g. And this per gram means per gram of
silicon. This initial capacity was lower then expected with the set voltage limits. It was expected that
close to the full capacity of the silicon could be utilized, so a capacity around 3000 mAh/g.

• The capacity of all batteries seems to drop quickly until the capacity is only left to about 20% of the initial
capacity.

• For the first battery cycle it shows that the higher the amount SE mixed with the Si, the higher the
coulombic efficiency of the first cycle. This was a clear trend with no outliers for the first cycle, but this
trend did not continue for the rest of the cycles.

• A big drop in capacity is seen for all batteries after 5 cycles but this was to be expected since the C- rate
then doubles form 1/20 to 1/10. The coulombic efficiency slowly grew as the capacity of the cells got
lower and lower, so less and less lithium kept being lost % wise.

• From the area size around the average capacity charge and discharge curves you can see how much
difference there was between batteries with the same composition. The 6/3/1 composition shows the
largest red/gray area so the biggest difference between the 2 cells with the same composition. But
for both silicon types the single battery that performed the best was of the 6/3/1 type, showing better
capacity retention. For this reason it was chosen to continue from now on with the 6/3/1 battery
composition.

• The 8/1/1 composition performed the worse overall showing the lowest coulombic efficiencies and
quick capacity loss. This indicates that there is a benefit of adding more then 10% of SE to the mixture.

• From the low initial capacities and the large capacity loss it seems that the current density that is applied
is to high. The area of the cell cant be changed, and we don’t want to make the C-rate of the material
even lower since the batteries already take a lot of time to cycle. So it was chosen to reduce the amount
of silicon (but also the amount of CNF and SE in the mixture to keep the same composition) so a lower
current density could be used with the same C-rates.

So for the experiments that follow the 6/3/1 composition will be used and the amount of active material (Si)
will be reduced from 2 to 1.2 mg. To keep the composition the same 6/3/1 the amount of SE and CNF will
also be reduced according to the Si mass reduction. This allows us to reduce the current density the material
experiences while keeping the C-rates the same to prevent even longer testing times.
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5.4. Different solid electrolytes and current density change
It seems unlikely, but we wanted to test if for some reason the poor performance was maybe correlated to the
change from Li6PS5Cl which was also used by [66], to Li5, 5PS4, 5Cl1, 5. It was decided to also use this test to
already get an indication of how the battery performance changes with lowering the amount of active material
from 2 to 1,2 grams as was suggested at the end of the composition testing experiments. Figure(5.3) shows the
cycling results of this experiment

Figure 5.3: This figure shows the Capacity vs Cycle number curve for 2 batteries aimed at comparing Li6PS5Cl
to Li5, 5PS4, 5Cl1, 5 and a loading of 2 to a loading of 1,2 mg. Next to it on the right a picture is shown copied

form the composition testing for comparison.

If we compare the results from the new tests with a 631, 2 mg E-magy Si graph from the previous section in
figure(5.1) we can see the following:

• The change from 2 to 1,2 mg seems to increase the capacity by about 30% and makes the capacity drop
slightly slower at the beginning but overall the shape of the graph does not change much and the battery
capacity still drops fast.

• The 1,2 mg Si cell with Li6PS5Cl falls on the lower side of the capacity if we compare it to the 631 E-magy
composition testing cells using Li5, 5PS4, 5Cl1, 5 we previously made. However, we will need more results
to conclude how much these different electrolytes really have an effect on the battery performance.

This was only a quick look to see if the Li5, 5PS4, 5Cl1, 5 SE was having some bad effect on the battery per-
formance for some reason we didn’t take into consideration. But this does not seem to be the case. A more
in depth comparison between the battery performance of Li5, 5PS4, 5Cl1, 5 and Li6PS5Cl will be given from
section(5.7 on wards where we will compare both solid electrolytes in solid state batteries using Si deposited
on Cu instead of the composite powder mixture that is used now, but more on that later.
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5.5. Current density and active material amount influence on battery per-
formance

To see the influence of the current density and the active material amount on the battery performance, new
batteries where made for both the E-magy and Com silicon, but instead of using 2 mg Si now 1,2 mg Si is used
in each cell. The proportions are still the same so the new cells also have less SE and CNF in the electrode
powder mixture in the cell. Again, the capacity vs. cycle number and the coulombic efficiency are shown in
figure(5.4) and from this we can see that:

• The batteries with 1,2 mg silicon have not only a capacity shift upwards which was already shown for the
battery comparison between 1,2 and 2 mg with the cells using Li6PS5Cl. But the capacity also drops a lot
slower for the cells using less active material (and are therefore experiencing a smaller current density).
The 2 mg Si cells would often lose more than 75% of their discharge capacity after 50 cycles, whereas the
4 cells that are now made with the 1,2 mg Si only lose 50% or even less. This is of course still too much
and should be reduced further. But it is interesting that the current density change did not just shift the
capacity curves but actually slows the battery degradation.

• The results also seem to have gotten more reproducible with less amount of active material, you can
see this from the colored area around the average capacity graphs being a lot smaller indicating less
variance in the performance for the new series of batteries that was made.

Figure 5.4: The capacity vs cycle number vs coulombic efficiency graphs comparing batteries with a 6/3/1
composition of Si E-magy and Com Si, Li5, 5PS4, 5Cl1, 5 and CNF. The amounts of active material is changed

from 2 mg in the top graphs to 1,2 mg in the bottom graphs.
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5.6. Ball milling VS hand ground silicon
All the previous experiments were carried out with Si / SE / CNF mixtures that were made by hand grinding
with the use of a mortar pestle. In this section, we will take a look at how ball milling instead of hand grinding
with the pestle influences the performance of the cells. To compare both techniques, all cells were made with
the same 6/3/1 compositions, this experiment was again done for both the E-magy and the Com silicon. So
the only difference between the cells is the mixing method and which type of silicon they use.

The mortar pestle hand grinding was done by grinding the powder mixture for 10 minutes. The ball milling
method has a lot more parameters that can be changed like: The milling time, RPM of the machine, type and
amount of balls, amount of milling cycles. The hand grind and ball mill parameters are mentioned in the
the methodology chapter in the section silicon anode powder mixture (4.5). The experiment parameters are
summarized in the table below.

Silicon type Silicon mass Capacity Solid Electrolyte Compositions Mixing method

E-magy 1.2 mg 3000 mAh/g Li5, 5PS4, 5Cl1, 5 6/3/1 Hand ground

Commercial 1.2 mg 3000 mAh/g Li5, 5PS4, 5Cl1, 5 6/3/1 Hand ground

E-magy 1.2 mg 3000 mAh/g Li5, 5PS4, 5Cl1, 5 6/3/1 Ball milled

Commercial 1.2 mg 3000 mAh/g Li5, 5PS4, 5Cl1, 5 6/3/1 Ball milled

The first 5 Cycles have a C rate of 1/20, all other cycles have a C-rate of 1/10

The cycling is potential limited with a lower and upper limit potential of -0,57 to 0,48 (V vs In/LiIn)

Table 5.6: This table summarizes some of the important parameters of the ball mill vs hand grind experiment
series.

The results are shown with capacity vs cycle number vs coulombic efficiency, and potential vs capacity graphs
in figure(5.5). From the graphs we can see the following:

• The colored area around the average charge and discharge capacity graphs is a lot smaller for the hand
ground material then for the ball milled material, showing more consistent battery performance for the
hand grind mixture.

• The hand ground Com Si shows the highest initial capacity we have seen yet, and it actually maintains
this capacity relatively well with the capacity dropping from 1680 to 1230 showing a capacity loss of
27% after 45 cycles (if we take the first capacity after the first 5 formation cycles). The E-magy silicon is
also showing a lot less capacity reduction during the cycling now the switch is made to a lower current
density. The shape of both hand ground capacity vs cycling graphs is the same but the E-magy graph is
shifted down since the batteries showed lower capacities.

• The ball milled batteries however showed the opposite result with E-magy giving higher capacities now
instead of the Com Si.

• The ball milled samples showed worse performance overall compared to the hand ground samples.
This could be because of the ball mill parameters being to extreme, destroying the crystalline silicon
backbone and making the material more amorphous [74]. Smaller amorphous silicon particles have a
larger surface area for SEI to form around which would explain why the initial capacities are lower for the
ball milled samples. The smaller particles should also have a better cycling stability then larger particles
as discussed in section(2.7.1). This seems to be true for the Com ball milled sample since it reduces
capacity slower then the hand ground com batteries but it has a lower initial capacity. But for the E-magy
Si the ball milled samples degrades quicker then the hand ground samples, this could be because the ball
milling amorphasizes the crystalline Si destroying the nano-porous structure and therefore eliminating
the whole benefit the E-magy material was supposed to provide for dealing with the expansion of the
silicon by letting the silicon expand into the nanopores.

The results of this mixing comparison experiment show that for these ball milling parameters the performance
is worse then when you compare it to simple hand grinding with a mortar and pestle. And especially since
we are working with the nano porous Si material from E-magy, there has to be precisely looked at which ball
mill parameters sufficiently mix the material but don’t destroy the porous structure. We could have continued
to explore ball milling of the electrode mixture further but we started to experiment with another technique
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where the silicon is deposited on a Cu sheet via slurry drying. This technique showed more promising results
then what we got so far with the dry Si powder mixtures. For this reason the choice was made to not spend any
more time on optimizing the ball mill parameters for the Si/SE/CNF powder mixture but to instead focus on
the Si on Cu coated technique.
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Figure 5.5: The capacity vs cycle number vs coulombic efficiency graphs for the purpose of comparing the ball
milling vs the hand grinding mixing technique are shown at the top of the figure, and the potential vs capacity
graphs of these measurements are shown at the bottom. These test where done with Com and E-magy Si and

all of them use Li5, 5PS4, 5Cl1, 5 SE.
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5.6.1. No CNF
As was mentioned in the theory section ’mixing silicon with solid electrolyte and carbon additives (2.7.3)’, the
presence of carbon can have a negative effect on the battery cycling capacity and capacity retention since it
promotes other side reactions and SEI formation. So to see if CNF was actually necessary or if it had a positive
or negative effect on the battery performance, two 6/3/0 E-magy Li5, 5PS4, 5Cl1, 5 batteries where made without
adding any CNF to the electrode mixture. In these batteries 2 mg of Si was still used since they where made
before the results showed that it would be better to reduce the active material amount to 1,2 mg Si. The results
of these test are shown in figure(5.6) together with the 631 E-magy result from the E-magy composition tests.

The batteries without any CNF actually showed higher initial capacities then the previous test where CNF was
used. But the capacity still dropped at similar rates. This shows that it might not actually be necessary to add
CNF and that the silicon has sufficient enough electronic pathways for the electrons to be conducted. It was
shown by [75] and [76] that the electronic conductivity of lithiated (so charged) silicon thin films was more
then 3 magnitudes higher then the pure non lithiated silicon. This was for thin films but it shows that there is a
large difference in electronic conductivity of a charged or non charged silicon electrode. With this in mind
we would expect that for the first cycle when there is no lithium present in the silicon yet, the cell without
CNF would perform worse since the mixture of silicon and Li5, 5PS4, 5Cl1, 5 would have insufficient electronic
conductivity. But the contrary is what is shown by the graph since the capacity of the first cycles is actually
slightly higher for the batteries without CNF.

This shows that it is not the CNF that is only responsible for the quick battery degradation. But that it might
actually be beneficial to leave out the CNF all together for further testing with similar compositions.

Figure 5.6: The capacity vs cycle number vs coulombic efficiency graphs are shown here comparing the
performance of the 6/3/1 Si Emagy/ Li5, 5PS4, 5Cl1, 5/ CNF composition with the 6/3/0 composition to see the

effects of the CNF on the battery cycling.
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5.7. Switch to 2D silicon deposited on Cu
The results we got so far from using a Si/SE/CNF mixture have shown lower battery capacities and quicker
degradation for both the Com and E-magy Si then what we where aiming for. And the battery cycling data
so far has not yet shown a clear difference between using the regular or nanoporous silicon material. Like
mentioned in section(2.7.3) [52] showed promising results with a different technique from the one we are using
so far. They mixed the silicon powder with a solvent and binder to make a slurry which can then be evenly
spread out over a Cu sheet, after which Si deposited on Cu electrodes can be punched out after drying the
sheets. They also advocate for adding no carbon additive to the silicon, and since our previous tests showed
that the CNF we had used so far was not improving the battery performance, and might even be hurting it,
this seemed like a good choice for us too. There is also no longer any SE added to be mixed with the silicon.
Since this slurry making process will be done outside of the glove box in regular air and the solid electrolytes
that are being used have poor air stability so cant be used outside of the glove box. And [52] still showed good
performance without adding SE and C to the Si.

The first cells that where made with this technique showed a lot of improvement compared to the previous
batteries using the powder mixture of Si/SE/CNF, so from this point onward all the results that will be discussed
are from batteries with Si deposited on Cu electrodes. The other side of the battery doesn’t change, so a
LiIn electrode with a Cu current collector is still being used and separated from the Si by either Li6PS5Cl or
Li5, 5PS4, 5Cl1, 5.

For the first series of test that where done in this way, E-magy silicon and commercial silicon are again being
compared, in separate cells of course, with Li5, 5PS4, 5Cl1, 5 being in between. After the same set of experiments
was repeated but now with Li6PS5Cl as the SE instead. So this test series compares the performance of the 2
types of silicon and the two types of SE. The results we got from this are shown in figure(5.7), again by showing
the capacity vs cycle number vs coulombic efficiency graphs and the potential vs capacity graphs. The batteries
from now on only have 2 formation cycles with a C rate of 1/20 instead of the 5 1/10 cycles which where used
before. After that the batteries still continue cycling up to 50 cycles with a C-rate of 1/10 just like before.

The table below summarizes the most important parameters of this set of experiments.

Silicon type Silicon mass Capacity Solid Electrolyte Compositions Electrode type

E-magy 1.2 mg 3000 mAh/g Li5, 5PS4, 5Cl1, 5 1% PVDF Si deposited on Cu

Commercial 1.2 mg 3000 mAh/g Li5, 5PS4, 5Cl1, 5 1% PVDF Si deposited on Cu

E-magy 1.2 mg 3000 mAh/g Li6PS5Cl 1% PVDF Si deposited on Cu

Commercial 1.2 mg 3000 mAh/g Li6PS5Cl 1% PVDF Si deposited on Cu

The first 2 Cycles have a C rate of 1/20, all other cycles have a C-rate of 1/10

The cycling is potential limited with a lower and upper limit potential of -0,57 to 0,48 (V vs In/LiIn)

Table 5.7: This table summarizes some of the important parameters of the Si deposited on Cu full capacity
testing experiment series.

The results of these tests are shown with capacity vs cycle number vs coulombic efficiency graphs and potential
vs capacity graphs in figure(5.7), and this shows us the following
If we compare these results with the results we got from the Si/SE/CNF experiments we can see that:

• Almost all batteries showed better performance then with the mixed Si/SE/CNF that was used before.
They show higher initial discharge capacities of around 2800 mAh/g, less capacity fading and higher
coulombic efficiencies.

• The coulombic efficiencies stabilize to 98/99 % after the formation cycles really quickly, so already at the
third cycle while for the Si powder mixture the Coulombic efficiency would often be lower or take more
cycles to reach a stable value.

And if we now look at the new results and compare them to each other we can see that:

• There doesn’t seem to be a clear correlation between the initial capacities for the different silicon types,
since the E-magy Si showed higher initial capacity values for the Li5, 5PS4, 5Cl1, 5 but lower compared to
Com Si for Li6PS5Cl.
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• The E-magy cells seem to show less variance per battery indicated by the smaller colored area around
the capacity graph but there has to be kept in mind that these graphs only show 2 battery results each so
some more tests would make this point stronger.

• The batteries using Li5, 5PS4, 5Cl1, 5 showed higher capacities and also a better capacity retention clearly
showcasing the performance improvements made by using Li5, 5PS4, 5Cl1, 5 over the regular argyrodite
(Li6PS5Cl).

• The most stable battery that was made so far showcased a discharge capacity of 2250 after the third cycle,
so after the 2 formation cycles and a discharge capacity of 1830 after the remaining 48 cycles. So that
gives a capacity faded retention of 81,3% over that period, this is a big improvement compared to the
results we got before. It was tried to replicate this performance but the same or better performance was
not achieved by making 3 extra batteries with the same composition. This shows that it is still difficult to
get consistent results with Si, even with the new technique.
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Figure 5.7: The capacity vs cycle number vs coulombic efficiency graphs are shown at the top and the
potential vs capacity graphs at the bottom. A comparison is made between E-magy and Com Si and a

comparison is made between Li5, 5PS4, 5Cl1, 5 and Li6PS5Cl.
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5.8. limited capacities effect on the life time of the cell
The results so far show that both the Com and E-magy silicon can not reach a sufficient life span because of
too much capacity loss when trying to use a capacity of 3000 mAh/g. For the E-magy material this could be
explained by the the nanopores being destroyed after the first cycle since the expansion of the material is to
much for the pores to take. A application note was shared by the E-magy company at this time, explaining that
for the liquid batteries they used to test the material, they also limited the capacity between 1000 and 2000
mAh/g of silicon. This is done to preserve the crystalline backbone to maintain the mechanical integrity of the
particles [77]. If charging the silicon fully destroys the pores in the material it makes sense the pores won’t
be able to fulfill there function anymore and that constant formation of the SEI layer due to it continuously
cracking every cycle will continue. To test this, it was decided to try to cycle the E-magy material to limited
capacities to see which effect this will have on the capacity fading and the overall battery cycling. To test this
6 new identical cells were made all with 1.2 mg of silicon material just like in all the previous tests. But now
we want to charge these cells up to only a part of there maximum capacity to try if this preserves the material
structure and therefore decreases the capacity fading.

Before in all tests a certain current was chosen so the batteries would reach a capacity of 3000 mAh/g with a
certain C-rate. Now we will test how the batteries perform for 1000, 1500 and 2000 mAh/g. The same current is
applied on all batteries to be able to make a fair comparison. The cells have the same current applied to them
and they have the same composition, but we don’t want to charge all of them to the same capacity, so they will
officially have different C-rates. This might seem confusing but it is necessary to make a fair comparison. For
example if we want to compare 2 of the same cells charging the material up to 1000 mAh/g and the other to
2000 mAh/g then the same current has to be applied to both of them, but the 1000 mAh/g will of course be
be charged and discharged quicker if the same current is applied so the C rate will be twice as large but the
current density will be the same.

So the cells are now not only voltage limited, but also time limited to control the capacity with which the silicon
is charged. The upper voltage limit is still 0,48 V but the lower voltage limit is now replaced by a time limit
chosen with the applied current and C-rates to make sure that the silicon is only lithiated to a point of 1000,
1500 or 2000 mAh/g of silicon. After this time the discharging process starts. These test where later repeated
for Com Si too and also with Li6PS5Cl. The parameters of all these tests are summarized in the table below.

Silicon type Silicon mass Capacity Solid Electrolyte Compositions Electrode type

E-magy 1.2 mg 1000, 1500, 2000 mAh/g Li5, 5PS4, 5Cl1, 5 1% PVDF Si deposited on Cu

Commercial 1.2 mg 1000, 1500, 2000 mAh/g Li5, 5PS4, 5Cl1, 5 1% PVDF Si deposited on Cu

E-magy 1.2 mg 1000, 1500, 2000 mAh/g Li6PS5Cl 1% PVDF Si deposited on Cu

Commercial 1.2 mg 1000, 1500, 2000 mAh/g Li6PS5Cl 1% PVDF Si deposited on Cu

The first 2 Cycles have a C rate of 1/20, all other cycles have a C-rate of 1/10

The cycling is time limited to control the amount of capacity that is utilized.

There is still a upper voltage limit in place for all batteries at 0,48 (V vs In/LiIn)

and for the Li6PS5Cl experiments there is also a lower voltage of -0,57 (V vs In/LiIn)

in case the potential limit is reached before the time limit

Table 5.8: This table summarizes some of the important parameters of the Si deposited on Cu limited
capacities experiment series.

Limited capacity E-magy Li5, 5PS4, 5Cl1, 5

The battery cycling results we got from this are shown in figure(5.8) by showcasing the capacity vs cycle number
vs coulombic efficiency and by figure(5.9) showing the potential vs capacity graphs again. The images are now
shown separately since there are some things to highlight which will be easier when looking at both graph
types one by one.

Figure(5.8) shows us the following:

• The charge capacity is constant every cycle for the 1000, 1500 and 2000 mAh/g cells showcased by the
flat red line with no colored area around it.
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Figure 5.8: Average capacity vs cycle number vs coulombic efficiency graphs of the limited capacity tests with
E-magy silicon and Li5, 5PS4, 5Cl1, 5 solid electrolyte.

• The 1000 mAh/g batteries showed a first cycle coulombic efficiency of around 78 % which then rises to
about 95% for the second cycle, then drops a few percent because of the C-rate increase from 1/20 to
1/10 and then stabilizes to around 98 to 99 %

• The 1500 mAh/g batteries showed the same trend but for one of the batteries showed a lower then
expected coulombic efficiency which decreased the average CE in the graph. But if we look at the results
form later test series we can see that the CE of the first cycle actually increases when more capacity is
used. So the CE of the 1500 mAh/g batteries should lie between the CE of the 1000 and 2000 mAh/g and
the lower first and second cycle CE of this one battery can be seen as an outlier.
After the first cycles the CE stabilizes around 99% for the remaining cycles.

• The 2000 mAh/g batteries CE stabilized to a lower value around 97% until it started to drop after the
20-25th cycle, and this capacity drop kept continuing for the whole duration of the battery cycling
process. This behavior was similar for both batteries cycled up to 2000 mAh/g, showing that 2000 mAh/g
is still to much for the nano porous material to take and that a value of 1000 or 1500 mAh/g is better
suited if the crystalline backbone of the nano porous material has to be preserved.
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If we now take a look at figure(5.9) we can see the following from the Potential vs capacity graphs.

• The potential at the top of the graphs is always limited to 0,48 (V vs In/LiIn) as was specified in the
cycling program. But the potential that is reached on the bottom right side of the graphs now changes
with each cycle. With a higher and higher potential difference being necessary for each cycle to reach the
specified capacity. So from only the capacity vs cycle number graph you cant say that the cell is showing
no degradation if the capacity is not going down.

• Looking at the first 1000 mAh/g graph we can see that for the first view cycles a voltage of -0,35 is needed
to reach the capacity of 1000 mAh/g. This value increases until about -0,5 V at the 20th cycle and then
remains -0,5 V for the remainder of the cycling process. Indicating that after the 20th cycle the cell
resistance no longer seems to increase, so from this it looks like the battery cycling could have continued
stably in this voltage range without the capacity starting to drop.

• The second 1000 mAh/g graph shows a lower negative voltage necessary to reach the capacity for all
cycles. But the minimum voltage of the cycles hasn’t reached a constant value yet so we can not see if
this value will start to remain the same like it did for the first cell after a certain amount of cycles, or that
a higher voltage difference will be needed for each following cycle because the resistance in the battery
keeps growing.

• For the first 1500 mAh/g battery you can see at the top of the cycling graph that the first cycles capacity
is a lot lower then for the other batteries, which is why the average CE in figure(5.8) was so low for the
first cycle.

• The voltage needed for charging the Si starts at -0,3 and drops -0,54 V for the first 1500 mAh/g battery
but the second battery already needs a voltage of -0,5 which then increases to -0,58 for the 50th cycle. So
the second battery starts of with better performance but is less stable.

• The 2000 mAh/g battery already needs a voltage of -0,5 for the first cycle and then the voltage kept
getting lower and lower every cycle. Up until a the 30th cycle where the minimum voltage remained
around -0,65 but started showing weird sharp spiky behavior at the negative charge potentials, but from
the capacity vs cycle number graph (5.8) we can see that the 2000 mAh/g charge potential is still being
reached despite this weird behavior.

This spiky behavior at the 2000 mAh/g battery is likely a result of lithium plating and possible dendrite
formation. Since no lower potential limit was set in place for these tests the potential of this battery would go
as low as -0,62 V vs LiIn which can also be written as 0 V vs Li/Li+. At these low potentials lithium can form as
lithium metal on the electrodes instead of alloying into them, which is called lithium plating. And this lithium
plating can lead to soft short circuits, which result in voltage irregularities during battery operation. [78]. And
theses voltage irregularities can be seen as spiky behavior in the graphs that display the potential.
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Figure 5.9: Potential vs capacity graphs of the limited capacity tests with E-magy silicon and Li5, 5PS4, 5Cl1, 5

solid electrolyte.
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Limited Capacity Commercial silicon Li5, 5PS4, 5Cl1, 5

From the previous tests we can conclude that a big improvement is seen in the batteries with the E-magy
silicon when only part of the capacity is utilized instead of the full capacity of the silicon we where aiming for
before. To see if the E-magy material now finally shows improvements compared to the Com Si we will need to
do the same set of test with the Com Si. The results of these test can be seen in figure(5.10) and figure(5.11).
The capacity vs cycle number graphs of the batteries are now displayed individually without taking the average
since there was a lot of variation in the results so taking an average would make the graph less clear.

Figure 5.10: Average capacity vs cycle number vs coulombic efficiency graphs of the limited capacity tests with
Com silicon and Li5, 5PS4, 5Cl1, 5 solid electrolyte.
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Figure 5.11: Potential vs capacity graphs of the limited capacity tests with Com silicon and Li5, 5PS4, 5Cl1, 5

solid electrolyte.
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The capacity vs cycle number vs coulombic efficiency in figure(5.10) and the potential vs capacity in figure(5.11)
show us the following:

• The charging of the silicon material is now only still limited by a time constraint, and if the resistance in
the cell gets higher and higher, this results in a higher voltage difference as a result of the applied current.
But with a lot of the cells using the com Si having to high of a resistance the voltage is increasingly being
forced more negative until the Maccor battery cycler just cuts of the cycling process. Because these
voltages cant be reached anymore or are deemed unsafe. This voltage drop is shown in the 1500 mAh/g
and 2000 mAh/g batteries in figure(5.11), the images on the right show a more zoomed out picture then
the ones on the left. As you can see the batteries experience a very low voltage value after 45 cycles for
the 1500 mAh/g example and the 25th cycle after 2000 mAh/g. This then causes the machine to stop the
experiment, but we can still see the behavior before the battery was stopped and how long it takes for it
to be stopped still gives us insight into the battery performance.

• The first 1000 mAh/g battery shows stable battery cycling process with a coulombic efficiency around
98/99%. The potential graph also shows that the potential difference is slightly increasing but almost
entirely stable remaining only going from -0,5 to -0,53 over the span of 50 cycles.

• The other 1000 mAh/g battery however showed large drops in CE which led up to the battery getting
stopped after 28 cycles due to the reasons explained above

• The first 1500 mAh/g batteries showed relatively stable cycling with a CE of around 98% which started to
drop after the 20th cycle and finally stopping the battery after 45 cycles. While the capacity of the battery
started to drop the the other 1500 mAh/g did not reach a stable CE and already stopped working after 10
cycles. From the potential graph it can be seen that the weird spiky behavior of the potential can be seen
again after the 20th cycle, so when the capacity stats to drop, just as it was seen when the potential of
the 2000 mAh/g E-magy Li5, 5PS4, 5Cl1, 5 started to drop. Like discussed before this is likely a result of
lithium plating which is caused by these low potentials being reached when no minimum potential limit
is set.

• One of the 2000 mAh/g batteries actually had quite a stable CE of around 99% for the first 20 cycles
but then the test was stopped due to the voltage dropping to low. The other battery was unstable form
the start causing the capacity to drop after the second cycle and the cycling being stopped after only 5
cycles. The potential curve of the first battery showed very strange behavior with the whole curve being
spiky and not just the cycles where the discharge capacities starts to drop. We cant really explain this
behavior by the lithium plating since the spiky behavior already occurs before low potentials have ever
been reached.

• Something we can see if we compare the CE of the first battery cycle is that this value goes up with
increasing the amount of capacity, this behavior was also seen for the E-magy material of the previous
tests.

So if we compare the performance of these Com Si batteries with the limited capacity E-magy Si batteries we
can see that the E-magy material improves the cycling stability and reduces the capacity loss. But Si remains
a tricky material to work with, still giving some variation in batteries with the same composition where you
would hope that they would all show the same behavior. So the claim of the E-magy material improving the
cycling stability over the commercial silicon is still not that strong. Therefore we are now gonna repeat the past
experiments, but with Li6PS5Cl instead of Li5, 5PS4, 5Cl1, 5 as the SE. This will give us more information about
the performance of E-magy vs Com Si and it will showcase the effect that these different solid electrolytes have
on the battery cycling.
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Limited capacity E-magy Si Li6PS5Cl
The same limited capacity tests as before are now repeated with Li6PS5Cl instead of the previously used
Li5, 5PS4, 5Cl1, 5. An additional voltage limit for the negative potentials is now in place as backup in case the
voltage limits get reached before the time limit is completed. This will prevent the battery cycling to suddenly
stop when to low potential levels are being reached like in the Limited capacity Si Com Li5, 5PS4, 5Cl1, 5

experiment. This should also prevent the spiking behavior of the potential caused by lithium plating at low
potentials.

The capacity vs cycle number vs coulombic efficiency and the potential vs capacity graphs are both shown
together in figure(5.12). The graphs show us the following:

• One of the 1000 mAh/g showed very stable cycling with a a coulombic efficiency around 99% from the
4th cycle onward. The potential difference to reach this capacity was also very constant with a minimum
voltage of -0,53 to -0,5 showcasing very stable cycling

• the other 1000 mAh/g battery intimidatingly started losing capacity since the voltage limits now causes
the cell to switch charging and discharging before the full capacity is reached if the voltage gets to low.
And this capacity kept decreasing during the cycling showcasing ongoing battery degradation.

• The 1500 mAh/g batteries showed a coulombic efficiency of around 99 % too, but started to lose capacity
around 25 to 30 cycles since the voltage limit of -0,57 V is reached. The minimum potential started just
like the 1000 mAh/g cell at -0,5 V but then did not remain stable like the 1000 mAh/g cell did.

• The 2000 mAh/g cells showed a lower coulombic efficiency of 97-98% and the capacity fade started for
one cell at the 13th cycle and for the other on at the 20th cycle due too the voltage limit being reached.
Again the first cycle minimum potential was -0,5 V, so the cell resistance increases even more now which
was to be expected.



5.8. limited capacities effect on the life time of the cell 55

Figure 5.12: Average capacity vs cycle number vs coulombic efficiency graphs of the limited capacity tests with
E-magy silicon and Li5, 5PS4, 5Cl1, 5 solid electrolyte on the left and potential vs capacity graphs of the better

of the two performing batteries on the the right.
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Limited capacity Com Si Li6PS5Cl
The final test series now repeats the previous experiment but with Com Si instead of the E-magy Si. Again both
the capacity vs cycle number vs coulombic efficiency and the potential vs capacity graphs are shown together
in figure(5.13) on the next page. From the graphs we can see the following:

• The 1000 mAh/g performance is similar to the E-magy Li6PS5Cl test, with the coulombic efficiency being
around 99% for the entire cycling duration. And the minimum voltage of the potential curve starting at
-0,51 and slowly dropping to -0,55.

• One of the 1500 mAh/g batteries started losing capacity already after the 4th cycle and the other battery
followed after 14 cycles. So one battery starts losing a little slower then the other one but the rate at
which both batteries lose capacity is almost the same.

• For the the last 2000 mAh/g battery the minimum voltage value of -0,57 was already reached at the third
cycle dropping the capacity quickly from that point onward.

Conclusion limited capacity cycling
There is definitely still a lot of variation in performance regarding the battery cycling results from the limited
capacity Si on Cu deposited batteries. But looking at the overall results and the trends, we can see an improve-
ment of the battery cycling capacity retention when using the Si E-magy material over the Com Si and using
Li5, 5PS4, 5Cl1, 5 over Li6PS5Cl.

For the 1000 mAh/g batteries, all test series, so E-magy and Com Si and both Li5, 5PS4, 5Cl1, 5 and Li6PS5Cl had
a battery that kept a high discharge capacity for the full 50 cycles with coulombic efficiencies around 99% and
the minimum voltage staying stable and not decreasing a lot during the cycling process. But the E-magy Si
Li5, 5PS4, 5Cl1, 5 batteries where the only ones where a less negative voltage was measured and where no drop
of the capacity occurred for both of them.

For the 1500 mAh/g batteries the E-magy Si Li5, 5PS4, 5Cl1, 5 where the only batteries that showed no discharge
capacity drop, a stable coulombic efficiency of 99% and a minimum voltage value that did not drop quickly.
All the other 1500 mAh/g batteries started to reduce in capacity or shut down the measurement because the
negative voltage value got to large, or in other words the potential got to low.

For the 2000 mAh/g batteries none of the batteries where able to maintain the 2000 mAh/g capacity and
showed lower coulombic efficiencies and quick capacity fade.

When comparing the SE’s we can see how using Li5, 5PS4, 5Cl1, 5 instead of Li6PS5Cl makes the batteries require
less of a potential difference to reach the same capacities. Which resulted in less capacity loss and more stable
cycling. This highlights the importance of using a high ionic conductivity in Si solid stat batteries.

So this shows us that the nanopores in Si can improve the battery cycling behavior for Si on Cu deposited
electrodes as long as the utilized capacity of the silicon is limited to 1000-1500 mAh/g. And it also shows us the
importance of a high conductivity solid electrolyte for good battery cycling performance.
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Figure 5.13: Average capacity vs cycle number vs coulombic efficiency graphs of the limited capacity tests with
Com silicon and Li5, 5PS4, 5Cl1, 5 solid electrolyte on the left and potential vs capacity graphs of the better of

the two performing batteries on the the right.
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5.9. Impedance limited capacity cycling Si deposited on Cu batteries
EIS measurements of all the limited capacity cycling batteries where done before and after the batteries have
been cycled. So this can give us information about how the different SE’s, silicon types and amount of lithiation
of the Si will influence EIS spectra before and after cycling.

5.9.1. Impedance before Cycling
Lets first take a look at the EIS Nyquist plots we get from doing the measurements before any cycling has taken
place in figure(5.15). The measured data is displayed with symbols and the fitted data is displayed with lines,
the line colors from the fitted data are the same as the symbol color the fitted data belongs too, how the data
was fitted will be explained below. It is important to realize that this measurement took place before the cycling
so the only differences are the SE and the Si type since there is no difference in amount of capacity used yet,
since no Si has been lithiated at all yet in fresh new battery cells. So the Nyquist plots here should ideally look
the same for all batteries that are made up of the same composition.

equivalent circuit before cycling
All the Nyquist plots have the same general shape. First we can see a small step to the right cause by the
solid electrolyte resistance as discussed in the section where the solid electrolyte ionic conductivity was
determined(4.8). Then you can see the lines going up in a curvature indicating a semicircle, and then at
the higher Z’ and Z" values at the lower frequencies an other very large semi circle is being formed, the first
semicircle can be a bit difficult to distinguish in some of the plots since the second semi circle overlaps with it,
and the second one is a lot larger so seems to overpower the first one sometimes.

The bulk solid electrolyte resistance that results in the shift to the right of the spectra can easily be fitted
by using a resistor in the circuit. From this resistors value we can easily distinguish between the cells using
Li5, 5PS4, 5Cl1, 5 and Li6PS5Cl. Then a semicircle is being formed which could be modeled using a resistor
and a capacitor in parallel. This however models a ideal semicircle with ideal capacitive behavior. If we use
a resistor with a constant phase element (CPE) instead of a ideal capacitor we better capture the non-ideal
electrochemical behavior that is a result from rough surfaces and non uniformity of the electrode and SE
interface [68] [69]. So the semicircle is modeled by a resistor modeling the charge transfer resistance between
two interfaces and a CPE modeling the non-ideal double layer capacitance at this same interface, both elements
are in parallel. These same combination of circuit elements in parallel is used to model the second semi circle
at higher Z’ and Z" values (so at lower frequencies).

We attribute the first semicircle at higher frequencies to the charge transfer resistance and non ideal double
layer capacitance at the Si/SE interface and the larger semi circle at the lower frequencies to the electrochemical
behavior at the SE/LiIn interface. The reason for this is that before cycling the Si/SE typically has faster reaction
kinetics and better contact with the SE then the LiIn alloy before any formation cycles have taken place. How
this changes after the battery has gone through multiple cycles is discussed in the impedance after cycling
section(5.9.2).

This gives us the the following equivalent circuit for fitting the impedance data before the cycling has taken
place, which is displayed in figure(5.14)

Figure 5.14: Equivalent circuit used for fitting the Impedance data before cycling of the limited capacity Si
deposited on Cu test. The circuit consists of a resistor followed by a resistor and CPE in parallel followed by

another resistor and CPE in parallel.
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Figure 5.15: The Nyquist plots showcasing the real vs the imaginary impedance of the limited capacity test
batteries before they have been cycled, the legend already says which battery will be cycled to a certain
capacity in the future to compare them easier to the impedance graph from the batteries after cycling.

Take away from the plots and fitted data before cycling
If we take a look at the the Nyquist plots and the values of the circuit elements the data is fitted to we can see
the following:

• The R1 value accounting for the solid electrolyte conductivity is easily distinguishable between the
batteries using Li5, 5PS4, 5Cl1, 5 and the batteries using Li6PS5Cl. With the former showing values of
13-15 for R1 and the lather values of 25-35. This was expected with the respective ionic conductivity of
the materials being 7,7 and 2,9 mS/cm.

• The R2 value attributed to the resistance from the Si/SE (Li5, 5PS4, 5Cl1, 5) interface has a average value
2,9E+2 for the E-magy Si and a average value of 6,8E+2 for the Com Si. Which could point to the E-magy
Si making better contact with the SE then the Com Si before the cycling has started. For both the E-magy
and Com Si, most of the batteries using Li6PS5Cl showed R2 values of 7E2 to 1,2E3 not really depending
on the Si type. So this gives some indication that the E-magy Si and Li5, 5PS4, 5Cl1, 5 improve the contact
between the SE and Si surfaces.

• The R3 values regarding the SE/LiIn interface for the batteries using Li5, 5PS4, 5Cl1, 5 showed values of E3
and E4, while the batteries using Li6PS5Cl showed values in the range of E4 and E5. You can also see this
from the Nyquist plots where the top graphs showing batteries using Li5, 5PS4, 5Cl1, 5 show a lot smaller
semi-circles then the bottom Nyquist plots. This shows that using Li5, 5PS4, 5Cl1, 5 seems to lower the
charge transfer resistance at the SE/LiIn interface before cycling.

• The α value of the CPE of the second semi-circle showed average values of α=7,9 for the Li5, 5PS4, 5Cl1, 5

batteries while the Li6PS5Cl batteries had a average ofα=6,48. Showing closer to ideal capacitive behavior
for the Li5, 5PS4, 5Cl1, 5 batteries likely caused by less surface roughness and irregularities.
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So the Li5, 5PS4, 5Cl1, 5 seems to slightly reduce the the charge transfer resistances at the Si/SE interface and
greatly reduce it at the LiIn/SE interface. And a slight reduction of the resistance at the Si/SE interface when
E-magy Si is used over Com Si was seen.

5.9.2. Impedance after cycling
The impedance including both the measured data and the fitted data from a new equivalent circuit are shown
in figure(5.17). Again the measured data is displayed with symbols and the fitted data is displayed with lines,
the line colors from the fitted data are the same as the symbol color the fitted data belongs too. Now after
cycling, the data of the same battery compositions that have been limited to different capacities of 1000, 1500
and 2000 mAh/g is present. So it will be interesting to see if we can see a difference for the impedance based
on the amount of Si capacity used.

equivalent circuit after cycling
The equivalent circuit that best fits the data has changed compared to the circuit that was used before. We
still see the shift of the spectrum to the right as a result of the resistance of the solid electrolyte, which can be
modeled by a simple resistor. Then we can see that the first semi-circle looks more well defined and shifted to
the left of the Nyquist plot and the very large semicircle from the batteries before cycling has been replaced by
a straight diagonal line.

The new straight line at the low frequency region can be ascribed to the diffusion of Li+ions [39] now being
more limiting then the large semi circle at the SE/LiIn interface that was shown at these frequencies before.
But why do we now only have one semi circle you might think? Since even SEI is formed which gives new
interfaces and these interfaces have there own charge transfer resistance and double layer capacitance just like
the Si/SE and SE/LiIn interfaces had in the batteries before they went through the cycling process. So these new
interfaces could have shown up as more semi-circles in the Nyquist plot. So this would give a equivalent circuit
of a resistor, modeling the SE bulk resistance, followed by 4 times a resistor in parallel with CPE, modeling the
charge transfer resistance and double layer capacitance of the interfaces and then end with a Warburg (W)
element to model the resistance caused by diffusion. Such a circuit is also used by [79] for Si/SE/Li coin cells.

But in our Nyquist plots we don’t see more semi-circles appear, we actually only see one semi-circle left. The
large semi circle at low frequencies has likely disappeared or decreased in size and shifted to the left since
the lithium alloying with the indium through the multiple battery cycles reduces the SE/LiIn charge transfer
resistance [62] and improves the reaction kinetics at that interface. The reason that the other processes only
show up as one semicircle is because they play a role in the same frequency region, and are overpowered by
the impedance of only one interface making them appear as only one semi-circle [69]. An other point to note is
that a Warburg element can be seen as a 45 degree diagonal line in the Nyquist plot, while in the plots we have
the straight lines don’t all follow this 45 degrees. This is because a Warburg element models ideal diffusion
which is more suitable for liquid electrolytes, but in solid electrolytes it will be better to use a CPE element
since this accounts for non-ideal behavior like inhomogeneities, interface roughness and defects in the solid
electrolyte.

[80] and [69] both showed that for lithium-ion battery half cells after cycling often 2 semi circles can be
distinguished with one containing the resistance and capacitance caused by the SEI and the other resulting
from the charge transfer resistance and double layer capacitance of electrode/SE surfaces. We however can
only distinguish one semi-circle which will make it difficult to treat these processes separately.

Taking all of this into account, the equivalent circuit that gave the best fit results for the data is shown in
figure(5.16) below. The circuit consists of a resistor modeling the ionic resistance of the SE, then a resistor
and CPE in parallel representing the resistance from the SEI, the charge transfer resistance, and double layer
capacitance of all interfaces, and at the end a CPE representing the Li-ion diffusion.
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Figure 5.16: The Nyquist plots showcasing the real vs imaginary impedance of the limited capacity test
batteries after they have been cycled. The circuit consists of a resistor followed by a resistor and a CPE in

parallel and is then followed by another CPE.

Figure 5.17: The Nyquist plots showcasing the real vs the imaginary impedance of the limited capacity test
batteries before they have been cycled.
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Take away from the plots and fitted data after cycling
If we now take a look at the Nyquist plots and the values attributed to the components of the equivalent circuit
we can see the following:

• The R1 values representing the ionic-conductivity of the SE have not really changed compared to the
values from before the cycling. The R1 value of the Li6PS5Cl batteries is still about 2,5 times higher as the
R1 value from the Li5, 5PS4, 5Cl1, 5 batteries.

• From the R2 value we cant really see a difference between the different amounts of capacity used, differ-
ent SE’s and the different Si types. But we can see something interesting for the Com Si Li5, 5PS4, 5Cl1, 5

batteries with Si capacity limits of 1500 and 2000 mAh/g. These batteries had very low R values of around
4-7 while the other batteries showed R2 values of 40 to 80. In these low R2 batteries no minimum voltage
value was set yet, so they reached lower potentials then the other batteries before the battery cycling
procedure was stopped by the Maccor machine. Like discussed before, these low potentials can cause
lithium plating to occur and promotes dendrite formation. This was also seen by the spiky behavior in
the potential vs capacity plots of section(5.8.0.2). This lithium loss and dendrite formation which could
lead to short circuit is of course not good for the health of the battery. But from these lowered R2 values
it does reduce the impedance of the interfaces it is formed on. If there would be full dendrite formation
between the 2 electrodes the cell would be short circuited and the Impedance would get really small
since there is nothing impeding (or blocking) the current anymore.

• from the other circuit elements there couldn’t be made a clear distinction between the different values
we got for the different capacities, SE’s and Si types.

We only have 2 sets of impedance data, one set before the batteries where cycled and one set after the cycling
process was completed for 50 cycles. There is a large difference in impedance between these sets since no
formation cycles has taken place for the batteries before cycling yet. This resulted in 2 very different sets of
impedance data and Nyquist plots which made it difficult to compare the results. In hind-side it would have
been more interesting to first let the batteries go through at least 1 formation cycle so all the interfaces in the
battery can form and all process can be started. And then cycle the batteries further, and after for example 5 or
10 cycles do an other impedance measurement. If this process is repeated multiple times we could see how
the impedance data evolves from cycle to cycle. This could also let us distinguish better between the multiple
semi-circles of for example the SEI and the charge transfer after cycling, since now these behaviors had to be
captured by one semi-circle( consisting of only 2 circuit elements) which makes it hard to separately discuss
what causes the impedance in the battery.
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Conclusion

6.1. Closing Remarks
A detailed overview of the theory regarding solid state batteries, argyrodite solid electrolytes and the potential
and challenges of using silicon in solid state batters was discussed in the the theory chapter. Then research
questions where formulated that help us in making a contribution to this theory. Which was followed by
the methodology where is explained how this theory is used together with lab equipment to design a set of
experiments. And then the results of these experiments where shown. It is now time to see what was learned
from these results and to answer the earlier formulated research questions.

6.2. Research Questions
Sub questions where formulated to help answer the main research question, so we will now answer these sub
questions first, before answering the main research question.

Can the use of Li5, 5PS4, 5Cl1, 5 help to improve the battery performance when compared to
Li6PS5Cl in solid state batteries using silicon?

Research Question 2, Sub-question

Li5, 5PS4, 5Cl1, 5 and Li6PS5Cl where synthesized with respective ionic conductivities of 7,5 and 2,9 mS/cm. For
Si on Cu deposited electrodes a clear improvement of the battery cycling performance was seen with higher
initial capacities being reached and slower capacity fading when Li5, 5PS4, 5Cl1, 5 was used. For the limited Si
capacity tests the potential differences required to reach targeted capacities where a lot more stable stable
throughout the cycling process indicating less battery degradation and resistance growth. The impedance
before the battery cycling resulting from the interfaces of the SE with the Si and LiIn electrodes was also shown
to be reduced when Li5, 5PS4, 5Cl1, 5 was used.

Will the addition of Li5, 5PS4, 5Cl1, 5 and CNF as additives to the powder silicon composite electrode
improve the battery cycling results and what composition performs the best?

Research Question 3, Sub-question

Multiple compositions of Si/SE/CNF composite powder mixed electrodes where made. Out of the 5/4/1 6/3/1
7/2/1 and 8/1/1 compositions, the 6/3/1 mixed by hand grinding, with 1,2 mg non nanoporous Si, lead to the
highest initial capacity of 2410 mAh/g at a current density of 0,229 mA/cm2. With a capacity retention of 73%
from 1680 mAh/g to 1230 mAh/g over 45 cycles at a current density of 0,458 mA/cm2. The 6/3/1 composition
performing the best shows the importance of adding sufficient amount of ionic conductive additive to this
type of powder electrode mixture. For some batteries the CNF was also left out of the composition resulting in
almost the same but slightly worse battery performance, indicating that adding a carbon electronic conductive
additive to this type of electrode mixture is not necessary and could even be hurting the performance.

63
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How does the battery performance change when silicon deposited on Cu electrodes is used instead
of the Si/SE/CNF dry powder mixture electrode?

Research Question 4, Sub-question

The battery performance of the Si deposited on Cu electrodes using 1% PVDF binder was shown to give an
improvement for the initial capacities, the capacity retention and also for the consistency of the batteries that
used Si deposited on Cu electrodes instead the Si/SE/CNF dry power mixture electrodes. The best battery
performance was gained with a 1,2 mg non nanoporous Si deposited on Cu electrode showcasing a initial
discharge capacity of 2700 mAh/g at a current density of 0,229 mA/cm2, and a capacity retention of 81% from
2250 mAh/g to 1830 mAh/g for a current density of 0,458 mA/cm2.

How does partial lithiation of the silicon by limiting the utilized capacity influence the battery
performance?

Research Question 5, Sub-question

The partial lithiation of Si for Si deposited on Cu electrodes was shown to be a effective strategy to extend
the battery life and minimize the battery degradation. A clear distinction was seen between the battery
performance of batteries limited to a capacity of 1000, 1500 and 2000 mAh/g of Si. This where the experiments
first where a clear difference was seen between the Si with and without nanopores. The nanoporous silicon
showed more stable battery cycling with higher coulombic efficiencies, of up to 99%, and less of a increase in
required potential difference for both the 1000 and 1500 mAh/g limited capacity batteries.

The answers to these sub-questions now bring us back to the main research question:

How can nanoporous silicon be used to improve the performance of solid state batteries using
argyrodite solid electrolyte?

Research Question 1, Main question

With all the sub question answers in mind we can say that nanoporous silicon (from E-magy) can be used to
improve the performance in solid state batteries by:

• Limiting the capacity to an extend where the nanoporous structure stays preserved throughout the
battery cycling process, which was up to 1000-1500 mAh/g in our case.

• Choosing a high ionic conductive solid electrolyte such as Li5, 5PS4, 5Cl1, 5

• Choosing the best electrode preparation method, which was Si deposited on Cu in our case.

• Choosing the right mixing method and composition of conductive additives for the Si electrode, even if
the powder composite Si/SE/CNF electrodes didn’t show the best performance, they still showed the
importance of finding the right ratio for the battery cycling performance.
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6.3. Further research and recommendations
This research could have gone on a lot longer, but it had to end at some point. Below some suggestions are
made about what could have been done differently or what could be done in future research regarding the use
of nanoporous silicon in solid state batteries.

For the Si/SE/CNF powder composite electrodes:

• Limit the utilized Si capacity for the Si/SE/CNF powder composite electrodes to see if limiting the
capacity also shows battery cycling improvements for nano porous Si compared to non porous Si, just
like it did for the Si on Cu deposited electrodes.

• This can also be done without the CNF to confirm with more data wether or not that improves or hurts
the performance.

• Try less severe ball milling conditions that keep the nanoporous Si structure intact to make another
comparison with that and hand grinding.

For the Si deposited on Cu electrodes:

• Further optimize the composition by trying different ratio’s and binders like PAA or CMC which have
been shown to be effective in combination with silicon and solid electrolytes.

• Try how thick the electrodes can be made while still being effective with the nano porous Si.

Regarding battery cycling:

• Test the material at multiple different C-rates and look if the nano porous Si also shows improvements at
higher C-rates.

• Extend the cycle number of the 1000 and 1500 mAh/g Si deposited on Cu nanoporous using Li5, 5PS4, 5Cl1, 5

SE batteries and see for how long stable cycling performance is maintained, since in this research we
only look at the first 50 battery cycles.

• Also try battery cycling with full cells by changing the LiIn electrode to a commonly used cathode like
NMC811

Regarding the impedance:

• Look at how the impedance evolves during the cycling by doing a impedance measurement every few
cycles instead of only before and after the completed battery cycling process. This will give a better idea
of how the impedance changes during the cycling.

• Use a transmission line model to better account for the porous structure of the Si material.

• Use a 3 electrode set up to better distinguish between the impedance caused by both sides of the battery.
This could give us a more precise representation of the impedance on the Si electrode side without the
other side of the battery influencing it.

Some other battery characterization techniques that could be used

• Make SEM images of the Si electrodes after the battery cycling to see if the nano pores are still intact
after certain amounts of capacity are used. It could also be interesting to see what the Si electrode looks
like while it is in the lithiated state.

• Use XRD to look at the Si electrodes after cycling to see how the crystal structure has changed. Operando
XRD could also possibly be used to see how the crystal structure changes during the battery cycling.

• Use XPS to look at the Si electrode after cycling to see and quantify the SEI decomposition products. And
if this changes when the nanoporous Si is used.

• Use NMR to look at the ionic mobility in the lithiated nano porous silicon and if that is any different for
silicon without nanopores.
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