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Abstract

The levelized costs of energy for commercially available energy storage systems, as for
example lead-acid and Li-ion batteries, are too high. These high costs are related to
the high material costs as well as to the high amount of non-active material, which add
up to the total weight of the battery. An analysis showed that an increase in capacity
and efficiency of the battery materials could reduce the levelized costs of energy
significantly. Consequently, the batteries become more efficient, attractive for the e-
mobility sector, and interesting with regard to the storage of alternative energy systems.
One alternative to commercially available graphite electrodes are the silicon microwire
array anodes discussed in this thesis. They exhibit a four times higher gravimetrical
capacity and at the same time a high cycling stability. High areal capacities, like in
the case of silicon microwires, and the resulting large volume expansion of 400 % are
problematic because they might induce high stresses in the silicon. This is the most
common failure mechanism of standard silicon anodes. Typically, pulverization leads
to material degradation and capacity fading. The aim of this thesis is to enhance the
long-term cycling stability of these silicon microwire arrays. It revealed the intrinsic as
well as extrinsic stabilization mechanisms of silicon leading to an efficiency increase and
a time reduction of a typical charging process. Additionally, the complex interaction
between this novel, freestanding array structure and the surrounding electrolyte was
investigated. Another important aspect of this type of architecture is the partially
integrated current collector allowing a high mechanical anode stability and reduction
of the ohmic losses. Important battery parameter like size, geometry, temperature and
state of charge needed to be evaluated throughout this thesis. A viscosity increase
of the electrolyte leads to a very homogeneous, but flexible solid electrolyte interface
around the individual wires. The interaction between this supporting layer and the
silicon wires enables a constant pressure on the wires maintaining a high degree of
crystallinity. The crystal structure is very important in this architecture because it
facilitates high charging rates using the fastest growth direction <100> of silicon.
Consequently, it prevents the typical mechanical degradation at very high charging
rates of 12 minutes. These fundamental properties and requirements are not at all
limited to the silicon architecture of this thesis, but could be applied to any kind of
anode system. They could be transferred especially to those anode concepts, which
make use of the silicon anisotropy during electrochemical etching, in order to achieve

a self-supporting electrode.
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Kurzzusammenfassung

Die Prozess- und Herstellungskosten fiir kommerziell verfiigbare Speichersysteme, wie
zum Beispiel Blei- oder Li-lonenakkumulatoren sind derzeit noch sehr hoch. Zudem
sind die Kernparameter wie Energiedichte und Reichweite der Speicher noch zu niedrig,
was sie fiir den grofflichigen Einsatz nicht sehr attraktiv macht. Die hohen Kosten
lassen sich auf hohen Materialkosten und einen hohen Anteil nicht-aktivem Materials
zurtickfithren. Eine Analyse hat gezeigt, dass eine Kapazitéits- und Effizienzerhohung
der Elektrodenmaterialien diese Kosten drastisch senken konnte. Nur dann kénnen
Akkumulatoren effizienter und preiswerter und somit interessanter fiir den Einsatz
in der Elektromobilitdt oder der Speicherung regenerativer Energien werden. KEine
Alternative zu den kommerziell eingesetzten Graphitelektroden in diesen Batterien
sind die Silizium-Mikrodraht-Anoden, die in dieser Dissertation untersucht werden,
welche im Vergleich zu Graphit eine viermal so hohe theoretische Kapazitat und Zyk-
lenfestigkeit aufweisen. Die hohe Flachenladungsdichte und die daraus resultierende
grofle Volumenausdehnung im Silizium kénnen Probleme darstellen. Sie sorgen fiir
hohe mechanische (Ver-) Spannungen im Material. In kommerziell eingesetzten Stan-
dardanoden ist dies der haufigste Versagensmechanismus, welcher zur Pulverisierung
und Zerstorung des aktiven Materials und somit zu einem Leistungsverlust der Batterie
fithrt. Das Ziel dieser Dissertation ist es Silizium-Mikrodraht-Anoden langzeitstabil und
zyklenfest herzustellen. Dabei wurden unterschiedliche intrinsische und extrinsische
Stabilisierungsmechanismen dieser Drahtanoden herausgearbeitet. Dafiir musste die
komplexe Wechsel-wirkung zwischen dieser neuartigen, freistehenden Array-Struktur
als Anode und des sie umgebendem Elektrolyten verstanden und optimiert werden. Ein
weiterer wichtiger Aspekt dieser Struktur ist der integrierte Stromableiter, der fiir eine
hohe mechanische Stabilitat der Elektrode sorgt und dariiber hinaus auch die ohmschen
Verluste reduziert. Wichtige Batteriekenngrofien wie die Grofie und Geometrie der
Anode, als auch der Temperatur- und Ladezustand der kompletten Batterie wurden
in intensiver Weise untersucht. Eine Viskositdtserhohung des Elektrolyten, wihrend
der Ausbildung der Festkérperelektrolytgrenzflichenschicht, fithrt zu einer Anderung
der mechanischen Eigenschaften dieser Grenzflachenschicht. Infolgedessen koénnen
die Spannungen von dieser elastischen Grenzfliche aufgenommen werden, sodass die
Dréahte auch bei deutlich erhohten Laderaten nicht degradieren. Die mechanische
Stabilitat der Elektrode wurde damit nahezu unabhéngig von der Laderate, und eine

komplette Batterieladung konnte in nur zwolf Minuten erfolgreich realisiert werden.
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Diese fundamentalen Eigenschaften und Bedingungen, die durch diese Dissertation
herausgearbeitet wurden, sind nicht nur auf diese Anodengeometrie beschriankt. Sie
lassen sich besonders auf solche Anodenkonzepte iibertragen, die ein elektrochemisches
Atzen und somit die Richtungsabhingigkeit des Materials ausnutzen kénnen. Der
Erfolg der Drahtanoden basiert auf einer selbst-stabilisierende Elektrode, die sich
gegen Verfall schiitzt. Deshalb konnte eine vierfach hohere Kapazitat und zehnfach
schnellere Ladefdhigkeit erzielt werden, weshalb diese Anode als eine wettbewerbsfahige

Alternative dienen konnte.
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Chapter 1

Introduction

1.1 Motivation

The new resolution "Transforming our world: the 2030 Agenda for Sustainable Devel-
opment" of the United Nations (UN) from September 2015 calls for an international
cooperation in order to reduce further global warming [1]. Suitable energy storage
systems are required to replace fossil fuels and reduce the COs emission. Due to
high levelized costs, renewable energies have no chance to replace existing technolo-
gies, unless the existing material limitations are solved. For example, by replacing
commercially available technologies and material system, thus increasing the battery
efficiency. It is inevitable that something has to be done to reduce the prices for
Li-ion batteries. Detailed analysis (reproduced from Lazard [2]) of the electricity price
development as well as the production costs of Li-ion batteries indicate that their
prices have to be drastically reduced to be competitive. As a conclusion, it boils down
to a material bottleneck and availability limitation of all the raw materials in a battery
like lithium, nickel, manganese, carbon etc., which dictate the battery price. These
are explicit considerations, which separate completely from the material research and
development. The second part demonstrates the lever one has when understanding
every physical and chemical process inside a battery, which limit their performance.
This thesis concentrates on the fabrication and characterization of a free-standing,
purely silicon microwire architecture as novel type of anode material for Li-ion battery.
By understanding how these limitations can be improved or solved, an efficiency
increase of this type of battery can be realized. Thus, reducing the electricity storage
price by a factor of 10 to only 23 cent USD/kWh, which is even below the current
electricity price in Germany. (The abbreviation USD stands for US$.) Following this,
the long-term stability of this anode could solely be achieved by understanding the
complex interaction between the electrolyte and the array electrode, influencing the

crystallinity of the material and the chemo-mechanical properties.
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In order to get a feel for the requirements and material opportunities, the next
section will concentrate on the detailed market analysis of the battery materials.
Furthermore, this thesis is divided in a theoretical part in Chapter 2 which deals with
the background to understand the individual characterizations before the experimen-
tal details are discussed in Chapter 3. Due to the designed microstructure of the
anode, different types of battery housings and cells had to be developed for special
characterization techniques. Chapters 4 and 5 deal with the detailed analysis and
discussion of the anodes. Standard paste electrodes are fabricated as well with the
silicon microwires as well to understand the mechanisms inside pastes and to be com-
parable to the standard technologies. In chapter 4, the mechanical and electrochemical
interaction phenomena are investigated, which could be successfully transferred to
the array configuration of the electrode in Chapter 5. Here, the details behind the
successful long-term stability of the array electrodes are described depending on the
advanced interaction between mechanics, structural stability, chemistry as well as
electrochemistry. Finally, Chapter 6 summarizes the most important findings and
shows the prospects of these silicon microwire arrays by displaying first approaches to

transfer them to an industrial set-up.

1.2 Market analysis of battery storage systems

The United Nations (UN) passed a new resolution in September 2015 for the sustainable
development of the earth. In total 17 aims and more than 169 targets were advised
saving the world’s population from hunger and poverty and the planet from the
continuously growing threat of global warming. The UN’s main concern is that every
nation and state fulfills these aims and requirements in order to reduce the greenhouse

gas emission [1, 3.

In the resolution, the UN states to rescue the planet from the continuing damage.
The average temperature has increased by 0.85 K between the years 1980 and 2012
[1, 3]. The UN states that the temperature should not increase further and stay at
an average temperature increase around 1.5 K up to 2 K. Furthermore, due to the
increase in temperature, the rising sea level is another concern. It has increased by
19 cm in the last ten years. Therefore, the infrastructure in the individual countries
should be changed in order to prevent any further damage due to the flooding, up
to 2020. These climate changes are a result of the drastic increase in COy emission

by more than 50 % since the year 1990 [3, 4]. Consequently, the CO5 emission has to
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be decreased. One way of doing is to produce and story more energy by alternative

energy sources.

As one of the first countries in the world, Germany succeeded in increasing its
gross electricity power supply from renewable energies to 31.5%. In 2015, in total
376 TWh were provided only by renewable energies. This included 50 % of the power
generation, 42% of the heating sector, and only 8% of the biofuel sector. As a
consequence, the regenerative electricity production avoided 156 million tons of CO,
emission and reduced the greenhouse effect [5]. If every country would reduce its CO,
emission this effectively until 2030, the problem of the global warming would soon
be solved. Although the regenerative energy production increased, 53.7 TWh and
23.6 TWh provided by the wind and photovoltaic sector in Germany, too little energy
is used because an effective storage system is still not available. The unsteady weather
conditions make it necessary to store the generated energy in, for example, Li-ion
batteries. The following discussion and analysis examine if Li-ion battery technology
can solve the storage problem. This analysis focuses on a) the material bottleneck
and availability, and b) the price development of Li-ion batteries and their individual
components. As examples, the biggest storage sectors like e-mobility as well as the

power generation are discussed.

The first tipping point of the market analysis is the lithium market and availability,
i.e. limitation as possible material bottleneck in the fabrication of Li-ion batteries.
Lithium quality needed for battery technology is mostly LisCOj3 or LisO, like in brine
or hard rock minerals. Roughly 1t of lithium is extracted from approximately 750t
of brine. The lithium market is controlled by only five countries: China, Australia,
Bolivia, Argentina, and Chile provide more than 50 % of the total amount of lithium
and, therefore can dictate the prices. The total estimated amount of lithium available
on earth is estimated to be in the order of 20 million tons. Nevertheless. the estimated
lithium resources are always based on geological surveys dated a few years back. It
is not exactly known how much lithium really exists on earth, because it is always
embedded in the earth crust or rock minerals. Albemarle stated in its Global Lithium
Market Outlook in March 2016 [6, 7, 8] that the lithium capacity (i.e. amount
of available lithium) should be increased in Chile up to 70 MT lithium carbonate
equivalent (LCE) by the end of 2022, with Chile having more than 7.5 million tons of
lithium. Up to now, China and Chile can dominate and dictate the prices on the global
lithium market. But nowadays, new start up companies see the growing potential

to sell their lithium minerals due to an increase in demand. The price for lithium
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increased by more than 300 % within a year, most likely even increasing by almost a
factor of 10 in the next years. This would have drastic consequences on the supply

and demand situation.

If more money can be gained from enhanced lithium export by the lithium
suppliers and start up companies, new ways of collecting and purifying lithium may
be invented and even already existing technologies may be improved. In addition,
even other countries or manufacturers may take advantage from the growing interest
in lithium. It might become lucrative to try and purify even other minerals than
hard rock. On the other hand, the growing importance of lithium will reduce the
possible profit margins for the individual suppliers to be competitive compared to
other countries. But if the price per t for lithium grows, the global lithium market will
develop a highly dynamic behavior and completely depend on supply and demand.
Analysts say that a higher lithium price would only lead to a price increase for the
battery of 10-15%. In fact, this directly leads to the second tipping point, known as the
e-mobility. The battery of the Tesla S with, for example, 60-85 kWh contains 50.8 kg of
lithium carbonate [6, 7, 8, 9, 10]. With a typical battery cost of minimum 10,000 USD,
the lithium costs are only 100 USD. The number of EV (full electric vehicles) on
Germany’s roads increased from 2015 to 2016 by 35 % (according to statistica). In
2016, more than 70 % of the overall number of new vehicle registrations include EVs.
A significant portion is attributed to the new Tesla S. The luxury e-vehicle has been
sold more than 15,000 times per year in Europe, overtaking e-vehicles from Mercedes
and the other European car suppliers. Tesla lead by Elon Musk has ambitious goals:
The company wants to scale up its fabrication to 500,000 electric vehicles per year. A
battery pack for such a Tesla S contains a minimum of 5,000 up to 7,000 cells. This
means that Tesla has to increase the production capacity up to 180,000 battery cells
in a year to supply all the EVs [11]. Due to the growing interest in the Li-ion battery
technology, the consumption and demand of lithium will increase even more, especially
with Tesla building the Gigafactory. In order to produce as many battery cells as Tesla
wants to do, 24,000 t of lithium have to be provided annually. If the Gigafactory really
reaches its goals, the available amount of lithium represents a material bottleneck and

is probably not enough to produce high quantities of Li-ion batteries.

With lithium only taking 1% of the total weight and price of a full battery cell,
the other battery components have to be considered as well. A rechargeable battery
consists of current collectors on both sides, electrolytes, and, most importantly, the

electrodes with the active material accounting for the actual capacity of a battery. All
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these components add up to the total weight. For example, inside the Tesla S 35 %
of the total weight is accounted only to the battery. The price for the Tesla S with
a battery of 60 kWh is estimated to 70,000 € in Europe, which accounts for a price
of a battery of this size of 24,500 € (https://www.tesla.com). A 60 kWh battery is
supposed to have a range of approximately 500 km. In order to classify it correctly,
a typical gasoline vehicle with a 401 tank will generate an equivalent of 360 kWh,
which is six times more than the battery of the Tesla S will generate. Although
this driving range seems to be quite high, it needs to be evaluated very carefully.
Naturally, this driving range depends on the number of auxiliary systems like radio,
lights etc., powered at the same time, which could reduce the driving range by almost
20%. More importantly, however, is the air conditioning and heating system. In
contrast to a gasoline vehicle, those systems require an additional electrical engine,
powered by the car battery, reducing the driving range drastically. Especially, the
heating system reduces the range by 35 %, depending on the external temperature.
The Tesla S battery has severe problems at low as well as high temperatures, being
able to drive only 180 km at temperatures above 30°C or below 0°C, at a constant
velocity of 120km/h (auto motor sport, 12.2014, [12, 13]). Taking into account the
reduced velocity at low temperatures, the battery keeps for 200 km with all auxiliary
systems active. Anyhow, this temperature dependence is very strong, showing a range
reduction of almost 40 %. In contrast to other e-vehicle suppliers, Tesla has the biggest
problem with its battery. Another point of interest for Tesla is the acceleration power.
The Tesla S can accelerate from 0-100 km in only 3-4 seconds. At first glance, the high
acceleration might look good. For the battery, it means it is a high-power battery
made for example for start-stop automatism and acceleration, generating lots of energy
in short time. As a consequence, the batteries are almost empty after this acceleration

phase, at the expense of the driving range.

The third tipping point is the photo-voltaics (PV) power generation and storage
sector. The battery is not only used inside electric vehicles for e-mobility, but also to
collect and store the energy from the solar or wind sector. In order to investigate the
price development and how the batteries can be made more cost-effective, the levelized
costs of storage analysis are considered. Lazard has conducted different studies on
the energy storage for many years [2, 14]. Every year a new market analysis has
been made. The numbers generated in those studies may be based on prices of the
previous years, for example the prices of cent USD/kWh in the PV sector. The cost

analysis in this thesis is based on the reports from November 2015 [2] and September
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2014 [14]. They discussed various storage systems from flow batteries up to pure zinc
batteries. As battery backup in the integrated PV systems, batteries are used to store
the energy produced from the PV sector. The energy output of the PV system is
not stable, but depends on weather conditions and locations. These levelized costs
always contain the costs for the energy necessary to convert the collected energy to
electricity and taking into account the individual capital, fuel, and operational as well
as maintenance costs. Figure 1.1 illustrates the composition of the electricity price
comparing different storage systems. For this thesis, the levelized costs of the PV
sector (Solar OV - Utility Scale) are compared to different battery concepts (microgrid
technology) [14, 4]. This allows to emphasize the prospects of the alternative battery
technology proposed in this thesis. The consumer electricity price in Germany lies at
approximately 27 € cent /kWh (baseline 1 in Figure 1.1). The solar PV utility price
includes the installation costs to place the PV system on top of the roof and connect
it, but at the same time includes the electricity costs to power this PV system. For

generating the power by PV, the electricity price is nowadays below 10 € cent/kWh.
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Figure 1.1: Electricity price development for different storage systems for the PV sector.
Lead-acid and zinc batteries will not serve as an alternative, because the storage price is
very high. Baseline 1 indicates the electricity price in Germany in 2017. It increased by 5%
in the last ten years. Baseline 2 indicates the price in 2006. On the other hand, the pure
PV utility price decreased in the last years by almost 10-15 % and will decrease even more,
indicated the red dashed line. The last comparison considers the prospects of the silicon
microwire anode. From that comparison, it can already be emphasized that the aimed goal
of the low consumer electricity price can be reached only by higher efficiency.
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This price is going to decrease in the next few years to only 7-8 € cent/kWh. As
illustrated in Figure 1.1, the PV utility price holds around 37 % of the costs; the rest
of the costs is accounted by the costs to store the energy in a battery storage system.
With a potential price reduction in the PV sector, the electricity price of the battery
storage system has to be at 10-15 cent USD/kWh, in order to reach a total electricity
storage price of below 27 € cent /kWh.

The levelized costs of energy components for Li-ion batteries according to Lazard
for a microgrid storage system are around 56.2 cent USD/kWh. This price includes
18.1 cent USD /kWh capital costs, 14.3 cent USD/kWh charging costs and taxes, as well
as operational costs of around 8.3 cent USD/kWh. In comparison, the same levelized
costs for the solar PV utility scale is only at 5cent USD /kWh in Denmark for example
(Figure 1.1). For a total storage system for the PV sector based on Li-ion batteries, this
would lead to a potential electricity price of 60 cent USD/kWh. From this calculation,
it can be easily concluded that the price for the Li-ion battery is too high at the
moment. Alternative technologies, like the lead-acid batteries, show an even higher
electricity price in Figure 1.1 [14]. The storage price should stay in the range of about
10-15 cent USD/kWh. Otherwise the consumer electricity price is too high and the
energy will not be stored and, therefore, also not generated by renewable energies. The
same holds for the industrial electricity price for large PV systems and wind parks.
There, the electricity price is estimated to be around 12 cent USD/kWh. Consequently,
the price of the battery technology has to be decreased by at least a factor of five to

reach these electricity prices.

Following the price development, Table A.1 compares the costs per energy output
for a standard 18650-cell with the anode production introduced in this thesis. This
table demonstrates the influence of a higher capacity and energy density on the total
costs of a battery. A standard 18650-cell has a typical length of 65cm, a diameter of
18 cm and a height of 6 cm. As shown by Menzel et al., the electrodes are sometimes
smaller than their ideal dimension with an area of only 342 cm? [15, 16, 17, 18, 19, 20,
21, 4]. In these calculations for the price of the battery, the costs for the separators,
current collectors and cathodes have to be taken into account. But these costs are
comparable in both electrode systems and are not displayed in the table. In general,
the separators as well as the current collectors take approximately 20 % of the total
weight of a battery, wheres the electrolyte take 17 %. With an optimal electrolyte to
anode interaction and ratio, it is possible to even decrease the amount of the electrolyte

and thereby reducing the weight and costs of the battery. The electrolyte is a necessary
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part, but could be considered as dead weight, which is not active. Therefore, parts of
this study also concentrates on the interaction between the electrolyte and the anode,

in order to even decrease the amount and still maintain a stable capacity.

18650-cell Silicon Microwires

Length [cm] 57 15
Diameter [cm)] 6 15
Area [cm?] 342 243
Energy [Wh] 2.5 10.72
Capacity [mAh] 716 (2862) 3572
Charging rate 1C 5C
Costs of battery [USD] 8.5 10 (8.5)
Costs per capacity [USD/kWh] 2968 933(793)

Table 1.1: Costs per capacity comparing a standard 18650-cells with the silicon microwire
array anodes, including the amount and price of the individual components in mass production.
The calculations are summarized from [19, 22, 23, 16, 20, 17, 18] and additional suppliers.
In brackets, the typical capacity is calculated for the standard as well as for the microwire
anodes. The brackets behind the capacities for the 18650-cells indicate the total capacity of
the complete battery. Such a battery consists of four cells with the individual capacity of
716 mAh/g. Only four cells sum up to the same capacity as the silicon microwire anode with
only one cell.

The costs of the anode and cathode materials account for the greatest part on the
costs. For standard cells, the cathode materials like for NCA (nickel-cobalt-aluminum-
oxide) or NCM (nickel-manganese-cobalt) cathodes, nickel, cobalt, and manganese,
are the limiting factors [19, 22]. The electrolyte holds 17 % of the total weight and
costs of the battery pack. The large portion of the costs calls for specialized designs of
electrolytes for high performance batteries. If the properties of a special electrolyte
align perfectly with an anode material, it would not only deliver four times higher
capacity. In addition, it would reduce the time for re-charging the battery drastically
by a factor of 5 to 10, as indicated in Table A.1. These effects all have a large

consequence on the production costs as well as on the electricity price.

Table 1.1 introduces another class of Li-ion battery, based on the microstructure
investigated in this thesis - the silicon microwire array anodes. These anodes are the
first competitive application of macropores in p-doped silicon. Without going into too
much detail, this process is a top-down etching process in low p-doped silicon, which
allows to design the complete microstructure during macropore etching, enabling a
completely free-standing anode. In contrast to other silicon anodes [24], the fabrication

of silicon microwires does not need any silicon precursors.



1.2 Market analysis of battery storage systems

The fabrication is designed for a re-use of the large area wafer. After layer-transfer
process and removal of the finished electrode from the substrate, the structured wafer
could be re-used ten times. As a result of the microstructural design, the additional
material used in commercial electrodes (e.g. carbon) is not necessary, leading to a price
reduction of the total battery. As far as efficiency is concerned, the main advantage of
the silicon microwire array anode comes into play. These anodes show a four times
higher capacity than the 18650-cells. Another point is the enhanced lifetime of those
batteries. They can be charged and discharged two to three times more often compared
to standard cells with the same efficiency. Due to an enhanced electrolyte/electrode
ratio, even fast or supercharging processes can be realized without significant efficiency
loss. These considerations imply an increase in efficiency of these batteries by more
than a factor of four for the capacity and a factor of two for the lifetime, leading to
a reduction of the electricity price by a factor of 5 to 10 as illustrated in Figure 1.1.
This even compensates the slightly higher production costs of the silicon microwires
due to lithography processes, as indicated in Table 1.1. By scaling up the fabrication
process or improving some of the process steps, it is possible to reduce these costs as
well. Thereby, the newly developed anode will create a unique selling point.

In summary, for a typical cell, the material and electrolyte take the majority of the
production costs. Another material bottleneck is created, leading to an even higher
material price in the future if less material is available. The costs are not likely to
decrease. Even a price reduction for the other components will not affect the electricity
price. The cost analysis shows that the silicon microwires have four times higher
capacity and could be charged faster. This means that the total price for the kWh is
reduced by almost a factor of four, compared to the standard cells. Additionally, a
18650-cells consists of four cells with the individual capacity of 716 mAh. Contrary to
that, the silicon microwire anodes achieve the total capacity of a 18650-cell (2862 mAh

with only one electrode.

The proposed silicon microwire array anodes are competitive, showing superior
properties, which increase the battery efficiency. These conclusions could only be made
by detailed analysis and understanding of the physical and chemical processes inside
a free-standing silicon microwire array anode, which is the subject of this thesis. It
reveals that every chemical and kinetic process inside the silicon is a direct consequence
of the mechanical stabilization and support of the silicon microwire structure. The
superior performance could be understood by concentrating on every possible interface

of the wires inside the battery. From this analysis, the fundamental requirements and



Chapter 1 Introduction

improvements could be drawn and transported to different battery geometries. During
this thesis, it is shown that the architecture of the active material, like it is composed
here, is decisive for the later-on battery performance, always having in mind, that

mechanical degradation is the main reason for capacity fading inside batteries.

1.3 Size Dependency

The anode as well as cathode material itself is very important, because a different kind
of material, as discussed above, can improve the capacity and reduce the production
costs drastically and increase the efficiency. Typical 18650-cells have a capacity
between 2-3 Ah and could be operated up to 3V [19, 22]. The question is, what
determines the capacity of a battery? The phase transformation inside the active
material, when the Li ions incorporate. Those phase transformations depend on the
voltage applied to the battery. For the Si-Li system, for example, at least twenty
different phases and alloys exist, which form at very specific incorporation voltages
(for further details refer to chapter 2.5.2). Figure 1.2 shows an example of this
incorporation voltage for different silicon nanostructures (like wires, powder, film
or pillars) [25, 26, 27, 28, 29, 30, 31]. This figure indicates that there might be a
connection between this incorporation voltage and the wire length. It was found that
the size and geometry of silicon have a drastic impact [32, 33] on the performance, not
only because bulk silicon would be destroyed inside a battery. The costs for the anode
and cathode dominate the production costs of a battery. If an electrode material
with a different geometry delivers four times higher gravimetrical capacities and can
be operated at higher current densities, the advantage over standard technologies
is enormous. This leads to higher selling prices for the total battery pack, and the
production costs can be disregarded. The question remains as to what geometry
and size the electrode material should have. In this summary, four different types
of electrode structures are mentioned, which all behave differently in a battery. The
thickness is not always considered in literature. The length as well as thickness
are equally important when designing battery electrode material. However, also
the geometry of the electrode is crucial. The individual structures are symbolically
drawn in Figure 1.2, in order to have a first indication of the delithiation voltages
of the different systems. In the micrometer region, the delithiation potentials are
estimated with three different exemplary scenarios of how the trend could develop.

The delithiation potential is a measure of Li diffusion out of the anode and depends
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Figure 1.2: Incorporation voltage for differently sized silicon structures, reconstructed
with 1:[25], 2:[26, 34], 3:[27], 4:[28, 34], 5:[29], 6:[30], 7:[31]. For the micrometer region, it
is still not clear how the voltage course will continue. When comparing the delithiation
potentials, it is always important to consider both, thickness and length.

on the structure. Hollow and porous structures allow easier diffusion, because there is
no large resistance for the ions to diffuse. Thick and dense material on the other hand
would mean that the ions have to have more energy to penetrate into those structures.
This is reflected in higher voltages and capacity limitations up to a certain lithiation
level. Thin films, as indicated by 5 in Figure 1.2, often have the problem of adhesion
failure and are mechanically and kinetically limited. This thesis tries to answer the
question of the correct sizes and demonstrates the limiting properties in batteries by
varying the anode geometries. The incorporational voltage, as indicated in Figure 1.2,
has another important impact: it determines the corridor in which batteries have to

be cycled in order to achieve high, stable capacity (see section 4.1.).
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Chapter 2

Theory

2.1 Macropore formation p-doped Si

The anode material discussed in this thesis is based on the macropore formation in
p-doped silicon. Most macropore formation in silicon concentrates on n-doped silicon
material. In this thesis, the macropores are formed in p-doped silicon. The back-side
illumination in n-type Si generated the necessary holes for the dissolution. It is an
additional degree of freedom and stabilizes macropore formation drastically. Contrary
to n-doped silicon, p-doped silicon does not need any back-side illumination because
here the majority charge carriers are already holes, but lacks several aspects of the

stabilizing effects related to the back-side illumination.

Pore formation in p-doped silicon is still under ongoing discussion, but the
fundamentals are quite clear. Macropore formation in p-doped silicon works under
forward anodic bias. The general chemical reaction during silicon dissolution is
formulated like [35, 36]:

Si+4HFy +ht — SiFy~ +2HF + H*> + e~

The silicon and pre-dominantly the pore walls are dissolved by the fluorine in the
solution. If water is present in this electrolyte and if the potential during etching is
increased, silicon oxide is formed at the pore walls. This silicon oxide is not working
as a passivation or dielectric, but more like a catalyst for further dissolution during

macropore formation:
SiOy +2HFy +2HF — SiF~ + 2H,0

Among the reaction products is additional water forming inside the electrolyte. If
water is already prior to this reaction, the electrolyte will be enriched by this water,

changing the pH-value of the electrolyte and thus reducing drastically the dissolution
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rate of silicon during etching. Consequently, this is a very important parameter to
monitor in order to etch macropores in different electrolytic systems, as described
in chapter 3.1.2. But in order to understand the pore nucleation, it is necessary
to consider the electrolyte/semiconductor interface around the pores. As described
already, macropore formation functions under anodic (positive voltage) bias. Thus,
a space charge region forms at the interface. The width of this space charge region
depends on the build-in potential, doping concentration, on the exact geometry and
material to be dissolved [35, 36, 37, 38, 39, 40].

W = (2¢V/eNp)'/2, (2.1)

with V' = Vjias — Vapp — kT'/e. In order to achieve an accurate calculation of the
width, a geometrical factor has to be considered. The most important feature, when
discussing the pore formation is the difference in width of the space charge region
between the pore wall and the pore tip. It is at its minimum at the pore tips. Two
different cases have to be considered: a) if no bias potential is applied, there is a
thermodynamic equilibrium between the diffusion and field current at the pore tips
as well as the pore walls. b) If, on the other hand, the bias and potential in the
pore formation region is applied, the equilibrium is shifted and the diffusion current
increases because it is dominated i.e. controlled by the concentration gradient of the
necessary holes. As the width of the space charge region decreases at the pore tips, the
concentration gradient inside the space charge region and outside of the space charge
region becomes larger (at forward potential, there are still some holes inside the space
charge region). Consequently the diffusion current is always larger at the pore tips
compared to the pore walls. Therefore, it is thermodynamically favored that a pore
forms to compensate the current formation. A critical value for the pore formation:
The distance between two pores is also controlled by space charge region width since
they can overlap significantly. The process is then controlled by the space charge
regions and their charge concentration gradient. The pore tips do not grow anymore.
In pre-structured silicon wafers, like in this thesis, the distance of the lithographic
pattern is decisive. If the distance between the pores is too large (by the defined
pattern), pore branching will occur and even worth random pore nucleation might
occur. Pore growth is best if no charge carriers exist at the space charge regions
between the individual pores. This leads to the necessary condition, that the distance
between the pores has to be twice the width of the space charge region multiplied by
the pore diameter [35, 36]. In order for the pores to grow deep without any kind of
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2.1 Macropore formation p-doped Si

branching (or thickness increase), the current density and the field strength has to be
larger at the pore tips. In that case, the dissolution at the pore walls is not allowed
to continue. Therefore an additional contribution to the controlled and local silicon
dissolution is the passivating kinetics, which is even more pronounced in the chemical
etching process [41, 42]. The surface of the pores is covered with fluorine ions. Due
to the very instable Si-F bonds, the surface of the silicon pores (i.e. the pore walls)
are passivated with silicon-hydrogen bonds, which are very stable. The surface of the
silicon has dangling bonds. These dangling bonds are terminated, if hydrogen bonds
onto silicon. The electronegativity difference between silicon and hydrogen is larger
compared to the silicon and oxygen and thereby thermodynamically better if silicon
and hydrogen form a stable covalent bond. Consequently, the etching process cannot
continue here at the walls. At the tips, on the other hand, the field strengths is much
larger and the effect dominates the etching process. In p-doped silicon, the dissolution
is isotropic, leading to a global dissolution and not to pore formation. In order to have
only local macropore etching, the viscosity of the electrolyte needs to be increased
to improve the passitvation kinetics. As a consequence, a diffusion limitation forms
inside the electrolyte leading more to an anisotropic etching. Polyethylene glycole
(PEG), for example, is a good candidate [41, 42]. It tends to passivate the pore walls,
thus creating locally a diffusion limitation and thereby have a defined control of the

macropore etching, see section 3.1.2.

In the most general case, pore etching in p-doped silicon could only be achieved
by operating in a special region of the I-V characteristic. Here, only the anodic current
regions (like posiitve currents) are considered. Macropore etching is only possible if
the current density during the experiment is lower than the critical current densitiy
called Jpgr. The chemical reaction (1) is fulfilled and holes at the interface react
with the silicon. If the current densities are increased and the second reaction takes
place, making the dissolution reaction a bit more complicated and the consideration
of the diffusion and field current get more complicated. This region highly depends
on the electrolyte composition and convection, even more than in the other region.
Above a maximum in the I-V-curve, the current density increases linearly up to the
next maximum. This region, anyhow, does not lead to controlled, local dissolution
(i.e. macro- or mesopores), but to global dissolution and polished surfaces, called
electropolishing. The difference in current densities are always larger by several orders
of magnitudes [36, 35, 41, 43]. Increasing both voltage and current densities even more,

the I-V-characteristics change completely and instead current oscillations appear,
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making the dissolution more difficult. In this case, the second chemical reaction
indicates that additionally to the holes, electrons are generated, which accumulate at
the back of the silicon sample, leading to current oscillations. Inside this space charge
region and outside of it, it is necessary that the same amount of holes and electrons
are present. The current densities are more controlled by the diffusion, than by the
charge transfer reactions at the interface because additionally formed silicon oxide is

present in this region.

2.2 Chemical etching of Si

Wet-chemical etching of Si in aqueous alkaline solution is highly anisotropic and
leads to preferential etching in silicon depending on the crystallograhic orientation,
Figure 2.1. This section describes only etching in alkaline etching because this is
used in this thesis, not without noting that chemical etching can be performed in

different electrolytes depending on the crystal orientation and preferential etch planes.
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Figure 2.1: Anisotropic wet-chemical etching (KOH) depending on the crystal, diamond
structure of silicon. The base of silicon is an fcc-lattice with additional four atoms sitting at
the body-diagonal. They have different positions of (1/4)a and (3/4)a in the direction of
the body-diagonal (with a=lattice constant). The etch pyramids are <111>-facetted (and
the tip of the pyramid follow the <100> direction). The <111> direction acts as natural
etch stop in silicon, because this direction shows more bonds inside the crystal, leaving less
bonds facing the electrolyte and consequently chemical reactions [44, 36, 45, 46].
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2.3 Band diagrams

The chemical etching bases as well on the local dissolution of silicon. Seidel et al.
analyzed in every detail the dissolution of silicon in alkaline solutions [45, 39, 40]. After
immersing silicon into an aqueous KOH solution, the surface and the dangling bonds of
the (100)-surface plane are saturated with silicon hydroxide formation. Consequently,
the Si-Si bonds still facing the bulks silicon reduce their bond strength, allowing
further dissolution of silicon. Silicon hydroxide dissociates into the formation of silicon
hydroxide complex under electron injection into the conduction band of silicon. By
further attack of the alkaline solution, the complex is reduced to Si(OH), and pure
silicon. During this reduction process, hydrogen evolution occurs. Bubbles form
and accumulate on the silicon surface, changing locally the etching rate where the
bubble stays on the silicon surface [45]. The etch result during chemical etching highly
depends on the etch profile on the silicon surface and on the crystal orientation of
the surface. As indicated in Figure 2.1, the surface of the silicon wafer is in the
(100)-plane. Different orientations of the silicon surface may lead to different etch
profiles in the same chemistry [36]. The crystal orientation leads naturally to etch
stops. For example, for the silicon orientations, indicated in Figure 2.1, the formed
pyramids are <111>-facetted. Along this direction, silicon has more bonds facing the
bulk silicon, reducing the etching rate efficiently by insufficient polarization. Along
the <100> or <110> direction, the surface is saturated with Si — OH bonds [36].

The etched inverted pyramids and macropores are aligned in the <100>-direction.

2.3 Band diagrams

The first step during the chemical etching is to terminate the hydrogen bonds and
fluorine bonds on the surface (hydrogen passivation), but more importantly to lead to
a controlled kinetic limitation. This section describes the interfaces between metals
and semiconductors and if either of the materials is put into an electrolyte. Those
interfaces are discussed with the corresponding band diagrams and placed into the

context of this work.

2.3.1 Metal-Semiconductor contact

When a metal and a semiconducting material are placed in contact with each other,
a band bending in the semiconductor occurs relative to the work function of the

metal. Depending on the doping of the semiconductor, this band bending is upwards
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or downwards. At this contact formation, it is necessary to differentiate between an
ohmic or a Schottky contact. Consequently, the work functions of the metal and the
semiconductor have to be correlated: if the work function of the semiconductor is
larger compared to the metal, the generated electrons can easily transfer into the
conduction band (called accumulation) and a current is generated in the ohmic contact.
The metal side of the contact is positively charged and the flow of electrons towards
the semiconductor leads to an enrichment for continuous current flow. In the reverse
case, the generated electron-hole pairs lead to a space-charge region and a depletion
layer, because it is not easily possible for the electrons to transfer into the conduction

band [47, 48).

2.3.2 Semiconductor-Electrolyte contact

If a metal or semiconductor electrode is immersed in an electrolyte, a double layer
is formed at the interface. Across this interface, a potential difference develops.
Gouey, Chapman and Stern developed three different and individual models trying
to explain this double layer [49, 50, 36, 47, 51]. In summary, this double layer is
a consequence of the interaction of solvents inside the electrolyte with the surface
of the electrodes. Depending on the polarization of the electrode, solvent dipoles
are formed at the surface and the ions are solvated accordingly. Due to the charge
transfer reactions at this interface, a charge separation takes place. The models all
include the differentiation between the inner and outer double layer (sometimes also
called diffusive double layer), meaning that with larger distance to the electrode,
the potential difference is getting weaker because the polarization and dipole-dipole
interactions is less than directly at the interface. This concept is similar for both
metals and semiconductors, except that directly at the interface a space-charge region
is formed. For semiconductors, the potential difference induces a band bending inside
the semiconductors, which depends naturally on the doping of the semiconductors.
Contrary to metals or semiconductors, an electrolyte does not have discrete bands,
but oxidation and reduction potentials (like LUMO and HOMO orbitals), where the
electrons occupy states. If a semiconductor is immersed in a solution, as indicated in
Figure 2.2 for a n-type semiconductor, a band banding in the semiconductor occurs.
Under an applied potential to this interface, a shift of the band bending in the
electrolyte as well as across the semiconductor occurs because the applied potential
is a sum of the contribution across the semiconductor and the electrolyte, giving a

rise to the bend bending and space charge region. Depending on the value of applied
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2.4 Galvanic Cu deposition

potential, it is necessary to differentiate between a) an enrichment layer. In that case,
the concentration of electrons in the conduction band of the semiconductor is increased
[49, 52]. b) If the bands bend upwards, the number of electrons is reduced and a space

charge region develops.

a) at equilibrium b) under applied potential
acceptor

acceptor

donor

A donor
Ey

Figure 2.2: Band structure of semiconductor-electrolyte interface for an n-type semi-
conductor. Upon contact with an electrolyte, band banding of the semiconductor occurs
(a). Under applied potential, the band bending is larger and the reduction and oxidation
potentials shift as well by e®y(b) [49, 52].

2.4 Galvanic Cu deposition

2.4.1 Chemical Cu deposition on Si

The chemical deposition of copper on silicon wafers is based on two simultaneously
running reactions. A requirement for the deposition onto silicon substrates is the
usage of hydrofluoric acid (HF). The chemical deposition of copper on silicon is
widely discussed (in literature) including plating properties like bath temperature,
HF concentration, Cu concentration in solution and plating time. This will not be
discussed in detail in this thesis. The deposition is based on a) the dissolution of
silicon, b) the reduction of copper ions. Silicon substrates are dissolved by the fluorine
ions in the solution, as shown in Figure 2.3. The deposition is performed in a diluted
HF solution. The silicon reacts first of all with the water in the solution to form
Si(OH), [53, 54, 55, 56, 57]. The Si(OH); is dissolved by the HF in the solution and
Si-F bonds are created at the surface. In order that the reaction between the copper
ions in the solution to continues, although the surface is already coated with a Cu
layer, the electrons diffuse through the Cu layer and react with the atoms underneath
the first layers. During the reaction, silicon tetrafluoride is formed which is a volatile

component - terminating the surface by the formation of Si-H bonds. Due to this
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formation, the fluorine ions in the solutions are still attacking the silicon surface. Some
reports indicate also the formation of complex ions like (SiFg)?~. This unstable anion
complex reacts with the HF in the solution and decomposes by the reaction products
HF and SiF, [58, 55, 59]. During the dissolution of the silicon, electron transfer
between the silicon and the copper takes place. The silicon is oxidized during this
process, thus releasing four electrons. The devilant copper ions take up the electrons
and are reduced to copper that deposits on top of the surface. (Chemical) metal
deposition onto silicon surfaces is preferential if the metal is more noble than the silicon.
After a certain deposition time, the deposition is saturated. No more copper ions are
reduced whereas the silicon dissolution is still going on. The saturation could be seen
experimentally by re-deposition and delamination of the copper film on top of the
silicon wafer. The deposition is independent of the HF concentration but depending
on the temperature during the reaction as well as on the solution flux. The electron
transfer reaction follows Fick’s law. The diffusion is temperature dependent as well
as the dissolution rate. The higher the temperature, the electrons are generated and
travel to the copper ions. Due to the higher deposition rate, the solution gets depleted
of the copper ions. Therefore, the temperature does not have a big impact on the
deposition. For the deposition, only the surface atoms take place in the reaction, bulk
silicon atoms ignore the reactions. If the dissolution of the silicon would dominate the
deposition (and the time adjusted), the silicon would be completely dissolved. The
same holds for the ions in the solution. The ions in close proximity of the sample, react
with it. The remaining copper ions have to be taken into account, if the thickness of
the copper has to be increased. Due to the saturation of the reaction, the thickness of
the copper seed layer is only about 100nm. The layer is called seed layer because it
functions as the first sacrificial layer for the next step of the electrochemical deposition

of the copper.

2.4.2 Electrochemical Cu deposition

The electrochemical copper deposition is based on the fundamental reactions inside
an electrochemical cell. The electrolyte is used to transport the generated ions at
the electrode sides via the solution phase to the other electrode side. One electrode
is the working electrode (WE) on which the material to be deposited is reduced.
This material could be any kind of material. In the case of silicon, the direct copper
deposition is not possible due to adhesion problems. Therefore, as described above,

an additional layer system, in the form of a thin copper seed layer is required to
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Figure 2.3: Chemical deposition of copper by galvanic displacement. The processes are
divided into ) dissociation of the HF into fluorine ions, ii) oxidization of the silicon, releasing
electrons for i7i) the reduction of the devilent copper ions and the plating of the copper on
the silicon [59, 54, 56].

overcome the energy barrier for further deposition. By applying a cathodic potential
to the electrodes, the counter and reference electrode (CE/RF) gets oxidized. An
electrochemical redox reaction takes place, oxidizing the copper electrode. The devilent
copper ions go in solution and get transported on the working electrode, where they
get reduced [52, 57, 49, 60, 61].

I: Cu® — Cu?t +2e~
II.: Cu*t +2e — Cu°

This is considered as an equilibrium reaction. In the case of the silicon wires, an
additional copper grid is necessary and functions as counter electrode to avoid any

kind of adhesion problems.

2.4.2.1 Electrolytes

The copper deposition could be performed in different kind of electrolytes: a) cyanide
solutions, b) alkaline solutions or ¢) acidic solutions. Acidic solutions require sulfuric
acid in addition to copper salts (CuSOy) to improve the quality of the deposition
film. Due to the high conductivity and low polarization, the current densities during
deposition can be reduced [57]. The concentration of sulfuric acid inside the solution
is rather critical as it leads to the formation of precipitations if the concentration
is very large. The best results in Cu deposition are achieved if the temperature is
slightly increased because the redox-reaction is accelerated and more access copper is

available and the solution more conductive. As for the pH-value, the phase diagram of
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CuSO, and water indicates the necessary region of pH-value for the wanted Cu® and
the electrolytes are especially designed for this region [61, 57, 49]. The advantages
compared to the other two compositions are the low costs, the low toxicity compared
to cyanide copper but also that it is possible to deposit copper homogeneously at low

potential.

2.5 Battery Technology

Seven different battery technologies are investigated nowadays or are already com-
mercially available. Figure 2.4 indicates the prospects of the individual battery type.
Lead-acid as well as NiCd/NiMH batteries are well established batteries on the market.
The low specific energies and power are a consequence of the used materials and the
interaction with the electrolytes. They suffer from the classical memory effect, but also
from material segregation on top of the active material. That segregation could only
be prevented by deep discharging processes, which will impede even higher stress on
the material. Another common problem is the electrolyte depletion in these batteries.
For example, specific phases in the NiCd battery take up most of the electrolyte during
its volume expansion, thereby pulverizing the complete electrode. In contrast to these
technologies, Figure 2.4 demonstrates the potential of the lithium batteries. Lithium
has a theoretical capacity of more than 3862mAh/g. If the material could be used
inside the batteries without chemical degradation or risk of explosion, it would be
the perfect candidate to achieve high capacities. Nevertheless, this problem calls for
a better solution. In the following, the different battery technologies are critically

discussed in relation to the material aspects and their limitations.

Li-Air Batteries The newest member of the battery family is the Lithium-Air
battery. As the name says, it is a combination of lithium as anode material and air as
the cathode. The problem about this technology is the sensibility of every component
in air, like nitrogen 78 %, oxygen 20 %, argon or other impurities. Another aspect
is the guided oxygen diffusion through the active materials, without the irreversible
oxidization of the lithium metal. Theoretically, Li-Air batteries have a very high
specific energy as demonstrated in Figure 2.4 with pure metallic lithium having
3862 mAh/g. The fundamental reaction is the reaction of metallic lithium with oxygen
forming lithium oxides Li;O,. But in reality, the specific energy and power critically
depends directly on the porosity of the electrode, limiting the energy and capacity [62].

But also the electrolyte is very important because it determines the reaction products.
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Figure 2.4: Comparison of different battery technologies depending on the specific energy.
It includes the state-of-the-art Lead-acid and NiMH batteries, but also Li-Ion as well as
Li-Air batteries will be critically discussed. They would have the highest possible specific
energy.

Lithium oxide shows a low solubility for Li-air electrolytes. Non-aqueous and organic
electrolytes are advantageous because the reaction product is only lithium oxide in
contrast to acidic electrolytes. Furthermore, the electrodes have to saturate themselves
with the electrolytes. Not every electrolyte with their individual viscosities allow this
saturation. Zheng et al. investigated the correlation between porosities and specific
energy (as well as capacity) for three different electrolyte systems, demonstrating a
high degree of porosity (>70%), which is necessary to take full advantage of this
complicated technology. Consequently, a third parameter, namely the continuous
re-flow of oxygen, is crucial. Large amounts of electrolyte evaporate leading to an
electrolyte depletion. This depletion hinders any further Li diffusion. Contrary to the
other technologies, this electrolyte depletion is a consequence of the cell design and

not due to material reactions with the electrolyte [62, 63, 64].

With respect to the electricity price (see chapter 1), the Li-Air battery with its
advanced and critical demands on the electrodes, oxygen sensitive membranes and
cell design is not competitive. This technology is too costly and would even increase
the divergence between the production and storage price (and not reduce this gap).
The anchor point is the high porosity of the anode. Typically, the anode is graphite
or sodium, because of the high conductivity. Another advantage is the layered or

porous structures. If this porosity is not drastically increased, the oxygen cannot
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diffuse through the material, and lot of material is lost, reducing the specific energy
drastically. Additionally, if an oxygen sensitive sensor is not developed to filter the
oxygen from the air in order to trigger this specific reaction, the battery will never
be commercialized. If, on the other hand, the theoretically specific energy can be
achieved together with a long cycle stability, the costs would be accepted at the
prospect of the great success. In comparison, Li-Air batteries have similar energies
like gasoline (13000 Wh/kg), this is the only battery which would compete with the
gasoline. Nevertheless, the drawbacks are too high in order to be a real alternative for
nowadays Li-lIon, Li-Polymer and Li-Sulfur batteries. The difference between Li-Ion

and Li-Polymer is only small [65].

Li-Sulfur Battery
A serious competitor for the Li-ion batteries or nickel metalhydrides are the Li-
Sulfur batteries, especially when using lithiated silicon as anode material (Li-Si-Sulfur
batteries). As indicated, they show high energies as well as capacities with sulfur being
the only cathode material with high capacities. Due to the isolating character of sulfur,
the sulfur needs a conducting host materials, most commonly graphite or carbon.
The limiting factor of the sulfur batteries is, on the other hand, the accessibility of
sulfur and the alloy formation with Li, well-known as the shuttle-effect. Elemental
sulfur exists as rhombohedral Sg. Upon lithiation, this is converted step-wise into
different phases, resulting in LiyS. The problem with this effect is that throughout the
conversion insoluble products form, which agglomerate at the cathode side, blocking
any further lithiation. It can be overcome by designing new types of electrolytes,
but more effectively, suppressing the formation of insoluble products by using not
Sg as precursor but already polysulfides. The combination of sulfur cathodes with
silicon anodes allows to form batteries with high specific energy of 500 Wh /kg and
capacities of 1200mAh/g [66, 67, 68, 69, 70]. The following sections consider the
individual electrode materials and the specific requirements to achieve batteries of

high capacities.

2.5.1 Designing Electrode Materials

When designing new electrode materials for any type of battery, as described above,
the material and the geometry of the material are decisive. A closer look however
reveals that there are some important requirements for good electrode materials
(71, 72, 73, 74, 75):
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good electronic conductivity,

high Li diffusion coefficient,

chemically inert towards the electrolyte,

electrochemically stable voltage window,

mechanically stable towards the volume expansion during lithiation/delithiation,
(correct) specific geometry and size allowing faster and easier lithiation processes,
high degree of crystallinity during lithiation/delithation,

stable crystal structure during volume expansion (the oxidization state has to

be maintained),

thermally stable (also at room temperature, without the risk of safety hazards)

to limit self-discharge effects,

non-toxic and cheap,

high availability to limit the material bottleneck for future production,
minimal oxygen sensitivity,

adjustable and sustainable porosity, especially for Li-Air batteries and Lead-Acid

batteries,
adjustable and sustainable pore volume, especially for Li-Sulfur batteries.
low internal resistance,

high operational voltages (and chemical potentials for cathodes and anode

materials, in dependence of the work function of the electrolyte),
good ohmic contact between the electrodes and the current collectors.

The following description concentrates only on the material aspects of the elec-

trodes, neither on the economic aspect nor on the adjustments for the individual
battery technology [76, 77].

2.5.1.1 Cathodes

The commercially available batteries have LiCoO, as cathode material. The layered

cobalt oxide material is a transition metal oxide material, which has a capacity of

up to 180mAh/g. Due to the lack of serious alternative materials, this material is

widely used but it has some major drawbacks: it is very expensive and is very toxic.
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When talking about the costs, the raw material costs of both cobalt and lithium are
the limiting factors for this type of cathode. Most transition metal oxides have a low
electronic conductivity and low ionic diffusion. Therefore, a fast ionic diffusion is not
possible during charging and discharging of the battery, which limits the cycle life.
In order to increase the electronic conductivity, transition metal oxide cathodes are
embedded or encapsulated with a conductive carbon network, consisting mostly of
pure carbon, graphite or even CNTs [74, 70, 78, 73, 77, 79, 80]. As an alternative to
LiCoO,, the cobalt is replaced by manganese in layered, but mostly in a spinell crystal
structure like LiMnyQOy, LiNigsMn; 504 or even more complex LiNig3C0g3Mng 305,
short NMC. Those manganese spinell structures have the advantage that higher
numbers of Li can intercalate into the spinell structure, by occupying the octahedral
positions. Thereby, different phases can be achieved, which promote the capacity of
the structure. The problem with these structures is however that the structure has to
remain intact with every repeated intercalation. Many efforts are done to stabilize
the structures by additional surface coatings or by different cathode morphologies.
Another disadvantage of the manganese cathode materials is the chemical instability
of the manganese towards the electrolytes. The manganese gets dissolved by the
electrolytes (similar to the dissolution of Zn in alkaline solution in NiZn batteries),
destroying the cathode material, limiting from this side the battery performance.
Different morphologies of the nanostructures as well as different compositions of the
spinell structures are developed to limit this dissolution and crystal distortion. As
an example, mesopores, nanotubes or even nanowires are fabricated out of LiMn,O4
in order to reduce the lithium diffusion paths and to allow a higher effective surface
due to the increase of the surface to volume ratio. Both transition metal oxides and
spinell structures are high-voltage materials of up to 4V, but only a limited capacity
with a maximum of 250 mAh/g. A new class of cathode material includes LiFePOy,
which crystallizes in an olivine structure and exhibits a high thermal stability in
contrast to all of the other cathode materials. But similarly to the other options,
also LiFePQ, is limited by its low electronic conductivity. In general, all of the
cathode materials are intercalation materials in contrast to most anode materials,
thus incorporating the lithium into their structure like on octahedral or tetrahedral
positions. In the case of layered structures, the Li forms an additional layer around
the host structure. For a good cathode material the electronic conductivity of the
material itself has to be increased to allow adequate Li diffusion in and out of the

material. The crystal structure of the material has to allow a high degree of Li
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ions irreversibly destroying the crystal structure. Due to the complex structures of
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Figure 2.5: Overview of cathode and anode materials depending on their specific capacity.
a) The overview shows typical anode materials. Compared to commercial available graphite,
silicon as well as lithium show ten times higher specific capacity. b) The overview shows
typical cathode materials, including the state-of-the-art materials. Contrary to the low
capacity materials, sulfur and lithiated sulfur cathodes show a ten times higher specific
capacity (which is already realized in some Li-S cells).

the spinell and olivine structures, the operational voltages for the Li incorporation
is different for charging and discharging. It is easy for the Li ions to occupy the
octahedral positions, but due to the volume expansion in the c¢/a-direction, the crystal
structure gets distorted and very low voltages result. As cathodes contain lithium,
they should be very oxygen sensitive, without degrading. Figure 2.5 shows an overview
of the various cathode as well as anode materials. This overview shows only those
materials, which have prospects to be built into a Li-ion battery. At the anode side,
Zm, Al and Ti are missing in this listing because they are not very promising anode
materials. For example, Zn wires or other nanostructures are still very dense and Li
has problems diffusing into those structures reversibly. Aluminum, on the other hand,
is a typical cathode current collector material and is typically corroded at the anode
side. In order to use it for the anode side, a new electrolyte has to be designed, which
allows stable Li diffusion without degradation. Furthermore, aluminum batteries are
not based on the Li-Ion-Battery Technology up to now, but are more considered as
typical redox-reactions. For a battery with reversible charging and discharging, the

chemistry has to be modified even further.
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2.5.1.2 Anodes

The anode materials are mostly considered as (lithiation/delithiation) alloy materials,
forming different phases with the lithium. In a standard battery, the cathode material
is always lithiated or contains the lithium as a compound, as discussed above. Like
this, the anode material can be used in its original, unique state. Commercial batteries
contain graphite as anode material. This material is an exception and is considered an
intercalation material as well. The layered structure of graphite is the perfect example
of intercalation materials, because lithium is trapped between the layers. This material
is very cheap and highly available, but has a very poor capacity of only 372mAh/g.
Not only the capacity is limiting the battery. Another weak link is the continuous
reaction of the electrode with the electrolyte, superimposing a new, fresh SEI layer
around the graphite structure. The growing SEI disturbs the system because the more
unwanted, secondary side reactions occur, the higher the internal resistance. This

leads to a dramatic capacity fading.

One alternative is pure metal lithium. It has a very high capacity of 3342mAh/g.
The problem of this electrode is the oxygen sensitivity of the metal lithium and the
high risk of dendrite growth. The dendrites penetrate the separator material and form
a short circuit with the anode material. The challenge in using pure lithium is to
prevent the SEI formation on lithium, thus passivating the material. Silicon as anode
material has an even higher capacity of 4200 mAh/g and does not have the sensitivity
nor the safety problems like lithium. Silicon can incorporate four lithium ions with a
coordination number of four. Due to its high volume expansion of over 400 %, silicon
cannot be used as bulk material, as many cathode and anode material, and is only
used as a nanostructure. Cui et al. fabricated different shapes and morphologies
of silicon and even silicon/composite materials, like Si/C, Si/Ge and many more
[24, 81, 77, 82, 83, 84]. The benefit of silicon is very clear: it is chemically inert, very
cheap, has a good electronic conductivity and exhibits high diffusion coefficients. But
not only these anode materials are the interest of research nowadays. Sn, Zn, Mg
and Al might be an alternative material, although their capacity is also very low. In
addition, for example, the earth alkaline materials are limited due to their high oxygen

sensitivity and therefore more suitable for solid state batteries.
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2.5.2 Electrochemistry of Silicon

A battery or a secondary battery after definition is a device to store charges which
could be used to power a device. A secondary battery can be discharged by connecting
it to a device and recharged. It consists usually out of two electrodes and an electrolyte
in between them to allow diffusion of Li ions. The separator is used as mechanical
separation between both electrodes to avoid short circuits. There is a lot of controversy
about the definition of charging and discharging. In this thesis charging and discharging
is always represented by the lithiation and delithiation process - in general by the
phase transformation or formation of Li,Si, phases. The base of the lithiation process
is the definite change in the crystal structure (amorphous/crystalline) of the phases.
The specific structure or phase represents/exhibits a specific capacity which is the
most important factor for the performance of the battery. The phase with the highest
capacities (like LigsSi5) should be held as long as possible during cycling the battery
to achieve long and stable cycling performance. Other phases like Li 5514 show lower
capacities [85, 86, 29, 27, 87, 83, 88, 89, 90]. Those phases could be suppressed
(from forming) by restricting the voltage limitations during cycling. In order to avoid
Li;5Si4 for example, one possible way to restrict this, is to cycle only to the minimal
voltage. The minimal voltage is the region between the last, fully lithiation peak
and the scan reversal. This phase is highly unstable and only detectable in in-situ
XRD-measurements. During the phase transformations from crystalline silicon to these
alloys, large volume expansions exist and lots of bonds have to be broken with enhanced
activation energies. This additional structural change which is imposed on the system
decreases the capacity of a battery. When the alloys are formed and the capacity is
reached - charges are incorporated into the material - power sources or consumers
could be plugged to the batteries to use their power. Due to the physical formation of
the Li,Si, phases (and no chemical formation), the capacities of the different types of
phases have a different explanation. Lithiation and delithiation of crystalline silicon
microwires is a two-step process. In comparison to amorphous or semi-crystalline
structures, the Li insertion is mostly only a single step reaction resulting in different
phases. The insertion in amorphous materials is still under ongoing investigation. The
difference in the lithiation behavior between the two crystallographic orientations is
the structural change among lithiation. Specific potential limits during voltammetric
measurements or cycling experiments induce the re-orientation of the structure in
specific phases like Li;;Siy which is accommodated with large volume changes and

pulverization of the material itself. These phases have to be avoided. In order to
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prevent the phases to form, the limits are chosen wisely according to voltammetric
measurements. As revealed in different studies like [91, 92], those phases do not exist
in the silicon microwires. A typical voltammetric result of the Si microwires is shown

in Figure 2.6. It resembles a typical I-V curve from photovoltaics measuring here
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Figure 2.6: Typical lithiation and delithiation process in silicon illustrated at a cyclic
voltammogram. The starting point is crystalline (¢r-Si) in its diamond crystal structure.
Upon lithiation, the Li ions incorporate into the structure and form different alloys. Typically,
alloys with high amounts of Li are formed, like LisoSis and Liy5Si4, depending on the applied
potential. The crystallinity decreases and partially amorphous phases form, indicated by
a+cr Liz11Siy41 phases with increasing cycle numbers. During delithiation, the ions are
removed from the anode. If and under which conditions the crystallinity remains, is discussed
in this thesis.

diffusional and phase changes according to potential change. In this figure, the resulting
current is plotted versus the time of the measurement; the additional voltammogram
(I-V curve) shows by the minima and maxima developments, phase transformations
between the two species Si and Li. Compared to other anode materials (see Figure 2.5),
Si and Li form alloys Li,Si,. The starting wires are crystalline. In a two-step reaction,
four peaks develop and are referred to as Peak 1 to Peak 4. Lithiation behavior is
described by Peaks 1 and 2 referring to the partial and fully lithiation behavior. Those
peaks correspond to the phases Li,Si and Li,4,Si,. That means that more and more
Li ions are incorporated into the silicon wires. During the incorporation, the crystal

expands and bonds are broken. The energetic as well as diffusional contributions
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are discussed further down. At the maximal amount of ions incorporated the fully
lithiated phase is formed Li,;Si,. This is in most systems either LiyySis or Li;5Sis.
By reversing the potential scan direction, the Li ions are removed from the anode
and the phases are changed again. Peak 3 and Peak 4 are referred to as partial and
fully delithation peak. Figure 4.1 shows as an example the correlation between the
measured current and the time as well as the correlation between the potential and
the current. In order to have a clear indication that peaks are referred to as phase
transformations an additional voltammogram shows the LiSi-phases with the different
structures. As a starting point crystalline silicon in the diamond structure is shown.
In the fully lithiated state of the silicon microwires, LissSi; develops which is also

shown with its crystallographic structure [85, 83].

2.5.3 Electrolytes

Electrolytes with their components play the most important role in the success and
performance of batteries. As mentioned in the introduction, the electrolyte takes
17% of the total weight of a battery. The dominating factor is the influence on the
mechanical stability of the electrode. Of course, the mechanical stability is also given
by the geometry and assembly of the electrode; but more important, is the formation
of the SEI layer which depends and alters with the used electrolyte. By only changing
the type of Li salts or their concentration, the conductivity of the electrolyte may
increase but the dissociation products may lead to unwanted reactions like e.g. they
reduce even more the stability of the SEI layer and surface protection. Additions of
linear and cyclic carbonates (or carboxymethyl groups) to the electrolyte enhance the
viscosity of the electrolyte. The diffusion could be deliberately increased to have a

controlled lithiation due to a homogeneous SEI layer [93].

Battery electrolytes have to fulfill some requirements [94, 95, 77, 96]: a) Their
ionic conductivity has to be high to allow fast ionic diffusion between the electrolyte to
the interface between the electrolyte and the electrode surface where the reaction takes
place. This requires theoretically a low viscous electrolyte in order that the reaction
to take place. b) An electrolyte has to be adapted to the correct and applicable
electrochemical potential range. Not every electrolyte could be applied to every
potential regime without precipitations, dissociation or heat generations. For anode
systems, the (electrochemical) potential regime lies between 0 and 2V where the

electrolyte is stable. ¢) In order to use the battery electrodes for various applications,
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the electrolytes have to perform at a large temperature ranges. Most electrolytes are
adapted between -20°C up to 60°C. If the temperature range should be adapted,
the ratio between the solvents (EC and DMC) changes from 1:1 to 2:1 for higher
temperature ranges. Ethylene carbonate (EC) as cyclic carbonate has a high boiling
point of up to 238 °C. An increase in the amount of EC leads to a more stable electrolyte
at higher temperatures. This leads to the fourth requirement. d) The electrolyte
consists usually of a multi-blend system of solvents like EC in combination with DMC
or DEC. The solvents have to have a high boiling point and a low melting point.
Hardly any single-blend system meets this requirement and therefore a combination of
for example EC and DMC is mostly used. DMC has a boiling point of only 80°C but
suppresses the melting point of the blend system. In comparison to EC, DMC has a
ten times lower melting point [94, 95, 77].

A battery electrolyte (no matter if cathode side or anode side) consists of a Li salt
and solvents in which the salt is dissolved. On both sides the above requirements have
to meet. There are only limited numbers of Li salts available for the anode (in total
only five salts are used in battery electrolytes) and cathode side. The most important
criteria for Li salts are the (complete) dissolution and mixing in the multi-blend
solvents and its conductivity. The conductivity has to be seen in relation with the
used solvents and not only alone. There exist some salts with high conductivity, but
when mixing it with the solvents, the conductivity reduces and the benefit is gone.
Another fact lies in the reaction and dissociation with the other components in order
to build up a stable SEI layer. That means that the salt should be electrochemically
but mostly chemically stable in order to prevent any unwanted side reactions during
the battery performance. LiClO4 and LiAsFg are good examples of non-stable salts.
They exhibit higher values in conductivity as well as melting point. But for example
the perchlorate in the LiClO, system is a strong oxidizing agent and reacts with
the solvent to form LisO which deposits on the anode side. On the other hand,
the reduction of AsFy anions in the electrolyte lead to toxic components inside the
battery packs rising safety issues. Typical solvents can be divided into linear and
cyclic carbonates. Up to now, the electrolyte only contains the Li salt which has
to be dissolved. The key requirement of the used solvents is of course to allow the
dissolution of the salts without chemical precipitation of the salt again. For all the
chemical components in the battery pack, the same requirement holds. They all have
to be chemically inert towards the other in-active as well as active components of

the battery. As discussed above, the melting and boiling point is critical and could
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be adjusted by combining different solvents. The benefits of linear carbonates are
their low melting point and low viscosity. By mixing with cyclic carbonates, the
melting point and viscosity could be adjusted. Ternary electrolyte systems contain
three different solvents. Those systems have higher ionic conductivity over a large
temperature range. No precipitation or phase transformation of the solvents exist.
Additionally, those electrolytes could be applied to low temperature ranges. With the
addition of for example propylene carbonate (PC), the conductivity at -50 °C remains
high enough to allow Li diffusion. Ternary systems follow the Walden rule which
correlates the viscosity with the conductivity of the solvents. The electrolyte could be
seen as a series resistance model where every new component with its viscosity adds

up to the system. the same holds for the dielectric constants in the mixture [77].

The electrolyte has one most important function: to form a stable and homo-
geneous SEI layer around the structure of the active material [94, 97, 98]. The
composition and the stability of the SEI layer could be triggered with the used elec-
trolyte and most especially with the used solvents. Propylene carbonate was mostly
studied for graphite electrode adding the PC into the standard electrolyte. When
cycling the graphite electrodes with this electrolyte, the capacity faded irreversibly very
quickly. This phenomenon is understood now in every detail. During the dissociation
of the PC, the dissociation products (like dicarbonates, propylene gas) co-intercalate
into the graphite structure before the passivation layer is build up. Propylene gas
forms, rises the internal pressure and induces cracks in the graphite structure which
leads to exfoliation and destruction of the structure. The isolation of the active

material leads to percolation losses and to capacity fading in the battery.

The basic difference in the reduction mechanism of PC lies in the existence of the
methyl group attached to the cyclic ring. Upon breaking of the CO double bond and
electron uptake, the radicals form. Two kinds of terminations are possible with the PC:
a) radical termination with the formation of alkyl dicarbonates and b) the formation
of propylene gas and propene. The difference between both scenarios is supposed
to be concentration dependent. At low concentrations of PC, mostly propylene gas,
propene and Li;COj3 form as additional products in the passivation layer. PC with its
dynamic reactivity is very sensitive to traces of electrolyte impurities or oxygen and
reacts dynamically with lithiated surfaces [99, 77, 100, 101].

Electrolytes are usually designed for a specific temperature range. In order to
use batteries in different applications like in aerospace technology where temperatures

of —80°C' exist or the other extrema for using cars in the desert at extremely high
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temperatures, the electrolytes have to withstand those temperatures. Standard anode
electrolytes in a co-solvent system (EC and DMC) with LiPFg as lithium salt have
their limitations at those temperatures. By adding and varying the ratios of both
solvents as mentioned above, adaptions could be made. Ethylene carbonate with
its high boiling point and large viscosity (n = 1.9) hinders the application at low
temperatures. If the viscosity is too high, diffusion limitations due to enhanced
passivation kinetics hinder the formation of a stable passivation layer and lead to
capacity fading. It leads to phase separations of the solvent. The amount of linear
carbonates is therefore increased to benefit from their low melting and boiling points
[94, 102, 103, 104, 105, 106, 77, 107, 108] At higher temperatures, the solvents are
not stable anymore. The dissociation is thermally activated and leads to a ring
opening process of the EC and PC. Those products react with the linear carbonate
DMC in a transesterification [94] to DMDOHC. The dissociation of the Li salt forms
the anion PF; which reacts with the cyclic carbonates in the electrolyte. The new
formed products influence the SEI layer stability drastically because the probability of
HF development increases with temperature. At even higher temperatures of up to
120°C, the SEI layer itself starts to decompose. A dissolution of the SEI layer means
additional non-faradaic currents which superimpose on the electrochemical system

and a complete loss of the mechanical stability of the structure.
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For characterizing a non-aqueous (polymeric) electrolyte, it is necessary to model
the conductivity and viscosity. The diffusion coefficient D is directly correlated with

the Stokes-Einstein equation to the viscosity of an electrolyte [109]
D = kT /6mnry, (2.2)

with 7 being the viscosity of the electrolyte and ry the radius of the ion inside the
electrolyte, here considered lithium. Another contribution is the ionic conductivity of
an electrolyte, which has to be as high as possible to allow ionic diffusion inside the
electrolyte and allow phase transformation of and inside anodes. The conductivity o

follows
o= (¢°c/kT) x D, (2.3)

with q being the charge, ¢ the concentration. In order to adequately describe an
electrolyte for Li ion batteries, another equation has to be considered. Electrolytes
may contain certain type of solvents, which might undergo polymerization reactions.
Therefore, an electrolyte might also be considered polymeric, thus following the Vogel-
Fulcher temperature dependency. It is a common equation relating the conductivity
with the temperature under which an electrolyte might be operated [109, 77]|. This is

a non-Arrhenius law,

o = AVTexp(—=B/(T —Ty)), (2.4)

with A and B being constants. The most important parameters are the temperature
dependencies with Ty as the reference or glass transition temperature for polymers.
Nazri et al. showed the temperature dependence of common, standard battery elec-
trolytes, which show clearly an increase in temperature compared to room temperature
by a factor of two [77, 110, 94, 71, 111, 112, 113]. Another important aspect is
the viscosity. Viscosity is usually related to the diffusion coefficient and to the rate
constants. In general, viscosity is correlated to the shear stress inside a fluid, being
able to transport particles in a medium from one point to the other. High viscous
fluids are honey or gel with high stress, where more material is taking while a particle
moves. Thus, viscosity is a property of a fluid describing the ability and amount of
material being transported. Battery electrolytes are always designed in such a way,
that the ionic conductivity is the highest and therefore, the viscosity rather low. The
energy band diagram shown in Figure 2.7 of the electrolytes in combination with the
electrodes summarizes the necessary requirements, when designing both electrode

materials as well as electrolytes. An anode material with a potential p4 higher than
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Figure 2.7: Energy band diagram of the electrolyte-electrode interface. In contrast to the
electrodes (metals or semiconductors), an electrolyte does not have discrete energy bands,
but acceptor and donor levels in solution. E, is the electrochemical voltage window, in
which an electrolyte could be operated. In other words, it is the distance between the lowest
unoccupied and highest occupied energy level. p4 as well as uc are the electrochemical
potentials of the anode and cathode materials [75, 71, 114].

the LUMO level of the electrolyte tends to reduce the electrolyte. In order to avoid
this irreversible reduction, an additional energy barrier forms in form of the SEI layer
at the electrolyte-electrode interface. The same happens at the cathode side, if the
potential ueo is below the HOMO level. Consequently, the potentials of the individual
anode and cathode materials has to be equal or lower than the E, of the electrolyte,

in order to have a thermodynamically stable electrolyte [75, 52, 74].

2.6 Electrode kinetics

The electrode kinetics was found to be the most important parameter, when analyzing
battery performances because it happens at the direct interface between the electrode
and the electrolyte. The reactions happening at this interface are the rate-limiting
steps because they decide between good ion diffusion through this interface into the
electrode material and consequently about good electrochemical performance of the

battery.
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2.6.1 Solid-electrolyte interface (SEI)

The solid-electrolyte interface layer forms a passivation layer around each electrode
in contact with ionic liquids or battery electrolytes [115]. This happens at the
electrolyte/semiconductor interface, described in chapter 2.3, on both the cathode and
the anode sides. Although this point is often neglected in the discussion about the SEI,
it also forms in the same way on the cathode. Upon dissociation and decomposition
of the individual solvents and salts inside the electrolyte, their reaction products
agglomerate at the electrode surface, allowing only Li diffusion and blocking any side
reactions with the electrode. For the most common non-aqueous, organic electrolyte
(Selectilyte LP 30) the SEI products include for example a) PF5, b) LiF, ¢) LiO, d) and
carbonates as well as esters due to the dissolution of ethylene carbonate and dimethyl
carbonates. Those dissociation products highly depend on the exact composition of
the electrolyte as well as the electrodes. Therefore, the SEI might change due to the
chemical nature and electron transfer reaction of the chemical components. In the
case of moisture inside the battery or electrode, water will lead to further reduction of
the salt and forms hydrofluoric acid (HF). Not only HF might form, but also LiOH,
which oxidizes the metal lithium. For detailed reduction mechanisms of individual
electrolyte components, consider [94, 97, 116, 95, 77]. The reason for the exemplary
reduction mechanism is to quantitatively discuss the impact of the products on the
electrode interface and, with it, on the electrode performance. Especially, in the case
of silicon, a high fluorine concentration (not bound in a salt) in the electrolyte will lead
to an unwanted surface oxidization. As a consequence, more and more silicon is lost as
active material. Another example are the reduction products of the solvents, which is
even more important, considering that they could react to long-chain polymers, thus

influencing the diffusion and kinetics in the battery.

Whereas the SEI formation is continuous on graphite electrodes leading to partial
exfoliation on those electrodes, it has a fixed thickness on silicon electrodes. For that
matter, the SEI formation is the result of the electrochemical stability of each solvent
and salt. If the composition changes inside the electrolyte due to a temperature change
inside the battery, consequently, the solvents are influenced. In general, there is a
direct correlation between the chemical and thermal stability of the solvents and salts
on the composition of the SEI layer. Mostly, the SEI formation happens in the first
cycles i.e. at the first contact between electrode and electrolyte. Depending on the
specific conditions of the charging/discharging like for example long-term cycling or

temperature increase, the SEI layer can alter its composition and chemical stability.
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The composition needs to be monitored by either IR- or Raman-Spectroscopy. If
the temperature is increased, the SEI layer is less stable mainly due to the thermal

instability of the electrolyte components.

Naturally the question arises, why this is an important aspect. The answer is
quite simple: a passivation layer is an additional layer around a material and thus
has to be considered as such. In the case of layer structures, the correlation between
chemistry and mechanics has to be investigated. By analyzing the surface chemistry,
inorganic and organic reactions can be triggered in order to enhance (if necessary) the

chemo-mechanical properties of exactly the additional layer.

2.6.2 Temperature dependent electrode kinetics

Temperature has a number of influences and consequences on an electrochemical system.
In a battery system, when characterizing anode or cathode materials, temperature not
only influences the charge-transfer kinetics, it also ages the electrolyte, thus influences
the interface between electrolyte and electrode. In chapter 2.6.1, the influence of
temperature impact and long-term stability of the SEI layer has already been described.
Electrolytic aging means for example an enhanced decomposition of electrolytic salts
like LiPFg. Such decomposition triggers unwanted side reactions, which might lead to
a decomposition of the SEI layer. The most common result of a temperature increase
is the evolution of hydrogen, carbon dioxide or even HF [108, 94, 111, 104, 102, 117].
But a functional and intact SEI layer is a requirement for a high capacity anode
or cathode material. The protection at the interface is needed especially at higher
temperature. Otherwise it will lead to the well known self-discharge effect. This effect
is based on the accelerated charge transfer process because the reaction rates depend

exponentially on the Boltzmann factor which scales with temperatures [117]:
k = Aexp(—E,/kT) (2.5)

As a consequence of the temperature increase, the Li diffusion inside a silicon crystal
for example also increases because it has the same temperature dependence. The
diffusion is directly correlated to the mobility of the ions by the Einstein-Schmucholsky
equation:

D = pkT/q = Aexp(—E,/kT) (2.6)
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Enhanced diffusion is directly accompanied with enhanced ionic mobility with an
increase in temperature. Consequently, more ions need incorporated into the anode,

thus creating a higher concentration gradient at the electrolyte/electrode interface.

2.7 Electro-analytical Characterization Techniques

2.7.1 Cyclic Voltammetry

Cyclic voltammetry is a typical electro-analytical characterization in chemistry to ana-
lyze solvent solutions in order to determine reaction rates, kinetics and redox reactions.
Furthermore, it is used to analyze if organic or aqueous solutions are electrochemical
and chemically stable, by analyzing current peaks. For battery technology, cyclic
voltammetry is an important tool to analyze a) the occurrence of phase transformations,
b) chemical stability at the electrode/electrolyte interface, ¢) electrochemical stability
of electrode materials towards the electrolyte and between the electrode materials,
and additionally, d) to calculate reaction kinetics. Those properties could be analyzed
by the current change and peak formation. They are a consequence of the charge
transfer kinetics and the mass transport. In the most general case, a thermodynamic
equilibrium reaction is established at the surfaces between element A and B, which

are oxidized and reduced in the appearance of the electrolyte.

The charge transfer kinetics at the interface between electrode and electrolyte
also obey the Butler-Volmer equation. Consequently, the current depends on the
concentration gradient at the surface and on the diffusion layer, which forms due to
the formation of the contact. This diffusion layer thickness depends on the sweep
rate and controls the mass transport. The sweep rate is a key parameter because
it controls how much material is passed. Typically, measurements are performed at
a low sweep rate to measure at steady state conditions. Additionally, the diffusion
layer thickness has to be penetrable for the solvents in order for them to react with
the electrode surface. This allows insights in the transfer kinetics and rate constants.
When analyzing voltammetry results, typically three cases have to be differentiated: In
the reversible case, the reactions are only diffusion controlled and the mass transport
is critical. The reactions are triggered by the establishment of concentration gradients
at the electrode surfaces. In an irreversible case, peaks only show up either the anodic
or cathodic side - the reactions are dominantly happening at one side of the electrode

and no thermodynamic equilibrium is established. The reactions are only limited
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by the charge transfer at the individual electrode surfaces, because the diffusion is
completely limited. For example in the battery analysis, an irreversible peak shows up
during discharging because the electrolyte decomposes. This peak does not reappear
during charging. Another example is the appearance of side effect reactions of the

electrode materials with each other.

A typical case for battery technology is the quasi-reversible case, where both
diffusion and kinetics have to be considered in order to fully characterize an elec-
trochemical system. This means that both the current amplitudes (of the peaks) as
well as the potential differences and absolute potentials have to be calculated. The
potential differences and absolute potentials are necessary to calculate rate constants
and estimate charge transfer processes [118, 119, 120, 50]. Another important aspect
when talking about surface chemistry and voltammetry are the individual currents:
Faradaic currents are the result of the charge transfer reactions and directly correlated
to the material information and phase transformations. But simultaneously, a current
is driven through the double layer formation, charging the corresponding capacitance
and ionic solvation at the interface. Both currents have a different time dependency.
Consequently, the answer of the recorded current of the voltammogram has not only the

necessary material information, but is falsified by secondary processes [118, 120, 47].

2.7.2 Staircase Voltammetry

Instead of linear potential ramps, a second way of measuring electrode kinetics is
staircase or step voltammetry. In this case, constant steps are incorporated, where the
potential is kept constant for a certain time period. This allows the secondary processes
to relax, because they decay faster than the faradaic processes. This voltammetry
type is used pre-dominantly, if the sweep rate cannot be reduced effectively. Anyhow,
this method has another advantage: it allows to analyze relaxation phenomena
of the reacting species. The biggest disadvantage of this type of voltammetry for
characterizing kinetics for batteries is that a constant potential step influences the
state of charge of batteries. Therefore, the time of the potential steps has to be as
short as possible to not change the reactions too much, but also long enough to allow
the secondary processes to decay [121, 119, 118, 120].
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2.7.3 Fast-Fourier-Transform Impedance Spectroscopy (FFT-IS)

Impedance is the complex property relating the complex parameters of current and
voltage. It is a linear response analysis, when a sinodical signal is superimposed on the
applied current or voltage [122, 123]. In order to measure accurately, it is necessary to
be in the linear region - minimizing the current and voltage amplitude. The specialty
of Fast-Fourier-Transform Impedance Spectroscopy is the transformation from the
frequency into the time region. As a result, the measurement speed is increased
drastically allowing to measure simultaneously over a wide frequency region (10 Hz
up to 20kHz) within a second. The frequency region is transformed into the time
region, allowing directly to correlate kinetics and diffusion to time-dependent processes.
Compared to standard EIS technology, the frequencies are all applied during one
measurement, reducing the time with the same sensitivity. For this technique, Nyquist
plots are not analyzed in order to see changes in the resistances, but rather seven
individual parameters like time constants, capacitances and resistances are displayed
depending on the time. Those parameters indicate all the necessary information,
especially for electrode characterization. The analysis of Nyquist plots gives only
qualitative information, but the direct correlation between time constants and phase
transformations indicate kinetic and diffusional parameters by modeling the interfaces
inside the battery or in general electrochemical cell. The recorded data is fitted to

a special equivalent circuit model, consisting of resistances and capacitance (and
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Figure 2.8: Measuring and fitting routine of FFT-IS analysis. I. The data is collected
and transformed from the time domain into the frequency domain (II.). According to the
correct equivalent model, which is applied to the recorded data (III.), Nyquist plots are fitted
(IV.). The feedback of the quality of the fit is measured by the least square deviation. The
deviation should be in the order of 1074. The characteristic resistances and time constants
are plotted versus time (V.). Consequently, those resistances (and the corresponding time
constants) describe the physical parameters inside the electrodes of a battery.
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sometimes even of inductance) in parallel or series to another. If one RC circuit or
several circuits describe the data the best, it is always evaluated with the least square
deviation x2. This parameter is modeled by standard least square minimization routine.
In order to measure those impedances in-situ simultaneously to different electro-
analytical characterizations, 10 Hz is the lowest frequency [124, 122, 123, 125, 126].

Figure 2.8 shows the measuring and fitting routine for the FFT-IS measurements.

2.8 Instrumentation

2.8.1 Hard X-ray Transmission Microscopy (TXM)

X-ray Transmission Microscopy is widely used in biology to penetrate and image
biological tissue. This technique is now growing in different fields of application, it is
used to image nanoscale structures and make 3D tomography analysis. This microscopy
technique is divided into soft x-ray microscopy and hard x-ray microscopy. Soft x-rays
are in the order of 100 A and only used to image biological tissue. On the other
hand, hard x-rays have the highest energy and can penetrate deeper into the material
(<2A) [127, 128]. These hard X-ray microscopy technique is used in this thesis, in
cooperation with the Stanford Synchrotron Radiation Laboratory (SSRL, beam line
6-2), Stanford University, CA, USA. This technique is very beneficial to analyze the
different structures of nano- or micromaterials due to its high local resolution of below
30-40nm [129]. This allows a detailed structural analysis of different regions on a

specimen, even in-situ.

By using a monochromator, the beam could be precisely focused. With the help
of a special motor, the samples can be moved very precisely in every direction. The
synchrotron radiation source consists of a Wiggler with additional mirror collimator,
which is then directed towards a monochromator, which defines the energy resolution
of the beam line. The beam line can be operated at different voltages, depending on
the application ranging from 5 to 14keV [130, 128, 131]. The detected signal is then
projected and aligned towards a scintillator which is detected by a CCD camera [130].
With this technique and the high energy, sample thickness of around 40-60 pm can be

radiated and analyzed. For more detailed information consider [130, 128, 131].

If radiation transparent samples are analyzed, a phase ring is added into the

beam line. This phase ring is based on the Zernike phase contrast and is a special
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phase contrast, also used in standard light microscopy, for materials lacking of a
self-contrast for biology [132]. During in-situ battery analysis, the working and counter
electrodes are connected with a potentiostat, which allows to monitor structural
changes during charging and discharging of the battery [129, 133]. The sample is
placed in a special aluminum set-up with a pin hole of 14 pm diameter. In contrast
to for example Transmission Electron Microscopy, for TXM no special preparation
technique is necessary to thin the samples in order to be electron transparent. The
only modification is a specially designed sample set-up for the in-situ analysis, see
chapter 3.3.

2.8.2 X-ray Diffraction (XRD)

X-ray Diffraction is a standard technique in chemistry and materials science to
analyze (poly-, mono-) crystalline materials. This technique allows to determine lattice
parameters and unit cell parameters of the individual atoms in the material, thickness
measurements of thin films and gives a complete elemental mapping of the analyzed
samples. The detailed analysis of the diffraction position and peak width allows among
other things to determine the sizes of the crystals or grains. The diffraction intensity
depends mostly on the thickness of the material and the atomic form factor. This
form factor specifies, which hkl-planes and diffraction pattern are allowed and which
of them do not appear in the diffraction pattern [134, 135, 136].

The diffraction is based on elastic and inelastic scattering of the incoming,
monochromatic beam with the atoms. During inelastic scattering, the energy and
momentum of the incoming electrons is transferred and leads to multi-scattering inside
the material. The energy is not sufficient to leave the atom. In contrast, the electron
does not change its momentum during elastic scattering. When the X-rays penetrate
a parallel crystal arrangement, they get diffracted and reflected at the lattice planes
obeying Bragg’s reflection law. Typically, ©/2 © scans are performed. During these
scans, the incoming and reflected beams are both varied in relation to the sample
surface plan, but kept equal. If the incident beam is projected through the sample,
the angle between the projected direction to the sample would be as well ©, which
makes in total the 2O scan [136, 134, 137]. Those angles are related to the d-spacing -
the distance between the atomic planes inside a material and gives direct insight in
the corresponding {hkl}-planes of the material. Problems with the analysis are mostly

subjected to the misalignment of the sample before diffraction. This leads to a peak
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shift in the diffraction pattern and it may accordingly lead to a different elemental
analysis. Another sort of problem is related to the Lorentz factor, polarization factor

and absorption factor, which lead to a variation of the diffraction intensity [138].

The XRD patterns in this thesis are recorded in cooperation with the Stanford
Synchrotron Radiation Laboratory (SSRL, beam line 11-3), Stanford University,
CA, USA. In contrast to standard XRD technique, the spot size is very small with
1.5 x 1.5em with a high energy of 12.7 keV. This small spot size is necessary to
investigate small areas of nano-structured areas. Reference patterns are performed
with Seifert XRD 3000 PTS 1997.

2.8.3 Raman and IR-Spectroscopy

Raman as well as IR-spectroscopy are both based on molecular vibrations and therefore
will be discussed in the same section. Both techniques are mainly used in chemistry to
detect known and unknown species in a material, to investigate the type of bond and its
bond strength as well as to analyze the influence of the concentration of a solution on
the variation in a material. Not every material is Raman active and at the same time
IR active. Therefore, it is necessary to clarify and set conditions, when a molecule or in
general a material is either Raman or IR active. For IR spectroscopy, dipole moments
have to be induced and changed. A Raman material has to change its polarization
[139, 140, 141, 142]. A molecule has translational and rotational degrees of freedom,
but the bonds in between can also bend or stretch giving rise to the vibrational modes.
In order that a given vibration contributes to the IR (absorption) spectrum, those
vibrations have to induce an asymmetric configuration, leading to a change in a dipole
moment (considering the difference in electronegativity of the molecules involved). For
example, double bonds between C and O will lead to a high absorption peak because
the high electronegativity difference leads to stretching of the bond and therefore to
a dipole change. In, on the other hand, a linear or symmetry bond (like C-C bond),
it is rather weak in IR because no dipole can be induced. An electrical field will
displace the positive and negative charges and induces polarization. If this happens,
the molecule is Raman active [143, 144]. Infrared Spectroscopy (IR) is based on the
absorption of photons, which induces vibrations. The Raman spectroscopy is based on

the scattering of photons, where the incoming photon is in-elastically scattered and
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transfers the energy and momentum. The energy from the incoming and scattered
photon is different. Those energy differences induce vibrational transitions inside the

material.

Raman analysis uses a monochromatic laser, whereas IR spectroscopy uses a
polychromatic laser in the 10 - 10° nm range. The IR measurement relies on the
principle of the attenuated total reflectance (ATR), to measure solids or liquids in
chemistry. In contrast, transmission IR measurements are limited for thick samples
because the beam has to be transmitted completely through the sample. Therefore, the
sample has to be specially modified and prepared to actually to be analyze the sample.
The ATR sampling method is beneficial because the (standard) sample does not need
any special preparation. The most important requirement for a good measurement is
a good contact i.e. interface between sample and the ATR crystal of high refractive
index. This is necessary because the incident beam is guided into the ATR crystal
and is subjected to multiple reflections. In general, Snell’s law has to be considered.
If an incident beam of a certain angle travels through a medium with the refractive
index n; and hits the interface between the two media of different refractive indizes,
the beam gets refracted and travels in the second medium with a different angle. If,
on the other hand, the incident angle is too steep, it leads to a total reflection inside
the material, where the beam cannot pass the interface. This is also the principle
of the ATR. The incident beam cannot penetrate into the sampling medium, but
gets refracted internally. Although the wave cannot penetrate, an electrical field (i.e.
evanescent wave and field) develops at the interface of the two media, underneath the
sample (directed towards the sample at the contact). This field cannot penetrate the
sample completely, but exists only at the interface. The sample absorbs specific energy
of the incident infrared spectrum, which changes the electrical field and wave at the
interface. This change is transferred back inside the crystal. The multiple refracted
infrared beam is then guided through the crystal towards a detector. The detector
records the changes in the absorbed spectrum [145, 146, 147].
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Chapter 3

Experimental Details

For preparing battery anodes based on silicon microwires, fundamental aspects have
to be understood and applied in order to achieve large scale, homogeneously etched
anodes which are (mechanically) stable for long term applications. The fabrication
of the wires include the pre-structuring, the macropore etching and the chemical
over-etching. The wires could, in general, be used for all kinds of applications like
filters, drug delivery in medicine etc. For the application in this thesis, the etching
of Si is the first step in the process line. In order to fully characterize the wires,
different kind of wires in different electrolytes are fabricated and especially optimized
with respect to the I(t) profile for the macropore formation. Battery application or
electrical application in general, need electrical contacting. For the anode side, copper
is galvanically deposited between the silicon wires. The galvanic deposition is discussed
for small and large samples. The up-scaling of the anode area was successfully done
in previous studies. Nevertheless, the only part missing was the galvanic copper
deposition for large area samples, which has been realized in this thesis and is under
patent protection. In order to fully characterize the silicon wires, they are tested as
anodes in different kind of battery set-ups which are specially designed for different
characterization methods like cyclic voltammetry, impedance spectroscopy, cycling

tests but also for (in-situ and ex-situ) characterizations using synchrotron radiation.

3.1 Silicon microwire fabrication

Silicon microwires are fabricated in several (etching) steps. The starting point of the
process is the pre-structuring to have a highly-ordered lattice structure with precise
distance all over a 6’ p-doped Silicon wafer with a resistance of 15 - 25 Q*cm and a
surface orientation of (100). By photolithography, a simply cubic pattern of circles
with a diameter of 1.5um, and a pitch distance of 3 um is transferred to the wafer,
45 degree to the flat (Figure 3.1 a). Two steps in the following processing will not

work, if inhomogeneities show up:
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1. the macropore etching itself, which is controlled by the over all current, and
thus,

2. the detachment of the finished microwire array from the substrate, which will
fail, when in some parts on the wafer no pyramids are formed or their depths is

reduced.

If the lithography does not work 'close to perfect', sometimes many steps later
on in the anode fabrication will not be successful. Consequently, the array is not
mechanically stable and it might be that the wires do not have their proposed length.
Since for a contact lithography using these sizes of the mask, 1.5 pm windows are
already principally challenging, a cleaning of the mask is indispensable to guarantee a

free-standing wire array.

The lithography step is a positive step where the exposed areas (the photosensitive
compound in the resist) are soluble in the developer. For the positive resits, the pattern
on the mask is the same pattern as on the photoresist (and with that on the wafer).
To obtain the desired structure, a 1 pm thick layer of a positive photoresist AZ 6612
(Microchemicals) is deposited at 4000 rpm in 30seconds. The volatile components
of the photoresist are removed during the pre-baking at 110 °C for two minutes. To
achieve a high resolution for the small spot size of 1 um for a 6’ wafer, the sample
is exposed to the UV light (UV characteristic at 405nm at vacuum contact. In
this contact, there is hardly any alignment gap (10 um) between the wafer and the
mask. The sample holder consisting of a vacuum chuck with additional sealings
provides an internal vacuum. The wafer is directly pressed onto the mask. Different
exposure modes like hard or soft contact have a minimal alignment gap of 100 pm in
between and lack of resolution at this spot size. The exposure takes only 4 seconds.
This value is calibrated and calculated by the dosage of the photoresist and the UV
intensity distribution of the mask aligner Suess Microtech MA6. The soluble parts
of the photoresist are removed during the development process. The adhesion of the
structured photoresist with the pattern from the mask is enhanced by a post-baking
step at 125°C.

3.1.1 Dry and wet chemical etching

The pre-structuring continues with the dry chemical etching process. This etching
step is a pattern transfer process. In comparison to wet chemical etching techniques,

no undercutting between the photoresist and the silicon takes place. The reactive
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ion etching process is a plasma etch process consisting of two parallel processes:
the physical etching by ion bombardment i.e. collision in SFg atmosphere and the
chemical dissolution of the photoresist in Ar atmosphere. Both gases are initiated in
an optimized ratio of 2.5 SF¢ to 7 Ar for 3 minutes. If the etching is not homogeneous,
the photoresist delaminates from the silicon wafer at the edges. The pattern transfer
is performed at high power of 300 W and a bias voltage of 54 V. The high bias voltage
results in a high energetic ion bombardment on the wafer. During this process, small
nearly spherical holes are etched into the circles with a depth of 1 pym. The small
holes are the starting points for the pyramid etching in a wet chemical etching process
(Figure 3.1 b). In order to have a homogeneous etching, the wafer is warmed up in
a solution of pure deionized water at 50°C and then transferred to the passivation
solution. The deionized water is necessary to avoid any surface contamination The
passivation step is done at 50°C in a 5wt. % of polyethylene glycole (PEG) solution
for 30 minutes. In a 3.5 M KOH solution with 1wt. % PEG, pyramids are etched inside
the wafer at 50°C for 45 minutes [148, 41, 125]. During silicon dissolution, hydrogen
evolves in form of small bubbles. Those bubbles act like a passivation layer on the
surface. Underneath those bubbles, the dissolution rate is reduced which can lead to
an inhomogeneous pyramid etching. In order to prevent this, a pneumatic tilting table
is connected to a hotplate. During the etching, this tilting table guarantees enhanced
electrolyte flow over the surface. It produces an electrolyte wave that destroys any
bubbles that form in an up and down movement. Additionally, the etching solution is
constantly stirred. Figure 3.1 shows a top view of the resulting structure. The amount
of PEG in the chemical etching solution is high. After the etching the PEG sticks to
the surface of the wafer. The PEG coats the surface of the wafer completely. Therefore,
several cleaning steps for the surface are applied. During two temperature controlled
cleaning solutions - one at 50 °C and one 25°C - the PEG is removed from the surface.
The final inverted pyramids have a sharp tip. Due to high electrical fields around the
sharp tip, the perfect starting point for the macropore etching as described in section
2.1. The formation of the etch pits depends on the crystal anisotropy, described in

section 2.2.
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Figure 3.1: Top-view of silicon structure after complete pre-structuring (includ-
ing macropore etching). a) The circles indicate the simple cubic lithography
structure, which turns to squares during the KOH etching in b)., c) After the
pore etching, the pore walls are dissolved, in order to obtain the wire arrays.

3.1.2 Electrochemical macropore etching
3.1.2.1 Electrochemical etching cell

The electrochemical etching of the macropores is performed in a four-electrode cell
setup. The cell is made of PTFE, a chemically inert material which is not effected
by the hydrofluoric acid (HF) in the electrolyte. The etching cell has four electrodes.
The working electrode (WE) is the p-doped Si sample which is directly electrically
connected to an aluminum stripe. The silicon wafers have a conductive aluminum
backside. The aluminum side is coated with a paste - a standard solar cell coating
step known as AluBSF, performed at ISFH using the standard technology for p-type
solar cell metallization. The decisive part in forming a good (ohmic) contact between
the aluminum and the silicon is a high temperature sintering step at 900 °C. Figure
3.2 shows the electrochemical etching cell with its connections. A reference electrode
(REF) is placed from the electrolyte close to the silicon surface, without touching it.
The REF electrode is a non-conducting Pt wire where hardly any current is flowing.
The Pt wire as reference electrode balances and levels the measured potential. Using a
different kind of reference electrode would produce large currents, which would disturb
the macropore etching itself. The counter electrode (CE) is placed far away from
the sample. This electrode is woven like a net of non-conductive Pt wires. The last
electrode is the sense electrode (SE). This electrode compensates the voltage losses

which occur over the electrolyte, the electrical connections between the potentiostat and
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Figure 3.2: Four-electrode set-up for the electrochemical etching cell. The
four electrodes connect the silicon sample (a-b), which is placed with the pre-
structured side on the orifice for a good contact to the electrolyte. c) For the
galvanic deposition, the etching cell is modified by the copper electrode and
additional copper grids, which act as working and counter electrodes by simply
depositing copper on copper.

the electrochemical etching cell. It separates the voltage from the current measurement.
The silicon sample is placed with its pre-structured surface on top of on orifice, an
opening to the electrolyte bath. In order to maintain a good adhesion and a minimum
electrolyte leakage, an O-ring sealing of a diameter of 1cm is placed in between. For
the etching, the electrochemical cell is turned by 180 degree to obtain a continuous and
homogeneous electrolyte contact towards the sample. The electrochemical etching cell
is connected via (chemically resistant) tubes to a microprocessor controlled peristaltic
pump which controls the electrolyte flow direction and allows to pump the electrolyte
from the cell back into the electrolyte bath. The electrolyte bath is made of a double
walled PTFE tank. The electrolyte bath and the etching cell are in two independent
circulations. The bath is temperature controlled by additional Peltier elements inside
the electrolyte bath. The Peltier element is connected to the potentiostat (galvanostat)
developed by ET & TE GmbH. In addition, the etching cells with their four electrodes
is connected and controlled by the potentiostat, whereas the etching profiles as well as

the temperature are adjusted by the software SiPor.
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3.1.2.2 Etch parameters & Electrolytes

Macropore etching in n-doped Si is well understood and the pore geometry can be
adjusted by backside-illumination/current-density modulation. Nevertheless, etching
in p-doped silicon, which is used in this thesis, is still investigated. Therefore, the
choice of electrolyte is crucial and discussed here also in detail. The electrolyte is
responsible for the selectivity of dissolution and pore diameter modulation. The benefit
of p-doped silicon lies also in the price for possible up-scaling of the battery production.
As indicated in the introduction (see chapter 1), solar cell silicon could be used with a

possible price reduction by a factor of three for the complete battery.

As far as pore diameter modulation is concerned, it is the most crucial part for
a free-standing microstructure. The pores etched in this thesis are based on two
different types of electrolytes, taking advantage of the individual prospects and further
understanding of the pore modulations. The role of pore modulation, when creating
free-standing anodes based on pores and wires, is important, because a diameter
variation of the pores act as a) diffusion layer stop for galvanic current collector
deposition, b) mechanical support to allow free-standing microstructures, without
the help of any precursor material and c) as a releasing agent to remove the finished
electrode from the substrate. This section emphasizes the dependency of the current
density modulation in p-doped silicon on the electrolyte composition and on the
diameter variation. The basic principle behind macropore etching is already described
in section 2.1, thus being the pore wall passivation as well as the higher dissolution
rate at the pore tip [40, 39, 35]. Anyhow, achieving these advanced pore diameter as
well as length variations for the intended application needs further discussion about

the electrolyte composition.

Because the dissolution current has to be larger at the pore tip compared to
the walls, the walls have to be passivated in order for a pore to grow deep with a
high dissolution rate. With an increase in HF concentration it is possible to achieve
high etching rates with high current densities. Nevertheless, this will lead to an
unstable pore growth. Another contribution is the enhanced dissolution rate of the
solvents which might lead to decomposition reactions inside the electrolyte [40, 39, 41].
Therefore, the HF concentration in both electrolytes in this thesis is reduced to only
12wt. % HF (45%).

a) mized-aqueous electrolyte: The pores for the paste electrodes are etched in an

aqueous electrolytes. The benefit of mixed aqueous electrolytes is a higher
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dissolution rate, based on silicon oxide formation, which reduce the etching time

for the wires.

b) organic (water-free) electrolyte: The pores for the array configuration are etched
in a pure, organic electrolyte. The advantage of pure organic electrolytes is the

controlled diffusion limitation allowing long pores and enhanced pore modulation.

The mixed aqueous electrolyte consists of 6 wt. % HF in a dimethyl formamide
(DMF) and deionized water solution with 2.5g of PEG (M 3360 g/mol). The water
in the solution oxidizes the pore walls and forms SiO,, increasing the enhanced
oxidization power. The added HF' dissolves the SiO, and the reaction proceeds faster.
This facilitates the electrochemical but also the following chemical etching step. The
etching is temperature controlled at 18 °C. In comparison to the etching performed in
organic electrolytes, here, the enhanced current burst leads to an increase in diameter
during the etching process i.e. to continuous pore wall dissolution and increase in
pore diameter. During this study, etch profiles in aqueous electrolytes are modified so
that the pores have a constant diameter with bulging at the top and bottom part of
the pore, for different lengths. Those presented profiles in Figure 3.3 A are typical
examples, optimized for paste electrodes and show significant differences compared
to pores etched in organic electrolytes. The direct comparison of both electrolytes in

Figure 3.3 B indicates the change in the profiles, also in regards of the application.

Figure 3.3 A shows exemplary the etching profile for macropores with 60 pm
lengths. The small 3mA current at the beginning of the experiment and the cor-
respondingly small applied voltage only starts the Si-dissolution at the tips of the
inverted pyramids (the etch pits), i.e. allowing stable pore nucleation. After the
first nucleation, the current increases to 19 mA. Macropores with length scales from
351m up to 75 pm are produced as well. Due to higher dissolution rates, the current
profile has to be modulated to keep the diameter constant. This is implemented by
additional constant steps at 9.3 mA for one minute in the reverse and forward current
step. The pore modulation is done at two steps along the pore length, always indicated
by constant current steps. The schematic indicates the pore diameter modulated.
These are called stabilization planes. As the pore walls are dissolved in the subsequent
etching step, the remaining silicon keeps the array standing, leading to a mechanical
stable structure. For varying the lengths of the macropores, the complete profile has
to be adapted in certain parts to a) keep the diameter constant along the enhanced
length of the pore and b) change the time of the etching accordingly (see Figure 3.3 A

a). As a summary for the length variation (deeper pores), the time for the constant
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Figure 3.3: Pore modulation in p-doped silicon during macropore etching de-
pending on the type of electrolyte. A. Typical etch current profile with two
diameter modulations. B. Macropore modulation in length a-b) as well as in
diameter for the desired application c-d). The specific comparison of differ-
ent parts along the profile indicate the complexity of the macropore etching
[125, 33, 149].

steps during the pore modulation is increased, to allow still efficient silicon dissolution.
If this part is not adjusted correctly, the diameter of the pore is not constant but
reduces from top to bottom of the pore. With increasing pore length, the etching

becomes more difficult due to diffusion limitations.

For the macropore etching, precise temperature control of the electrolyte is
necessary. The etching rate scales with the Boltzmann constant and the temperature.
Thus, an increase in temperature during etching will generate an increase in dissolution
rate. As a consequence, it will lead to a change in the pore geometry. Mostly, Joule
heat is present during electrochemical etching process, which scales directly with the
time and current density. Meaning, for very long pores or larger etching areas, this
effect is even worse and needs additional external cooling. Those considerations have to
be taken into account, during up-scaling of the complete anode. An etching cell needs
to be constructed in such a way, that the electrolyte flowing across the surface area
has a constant temperature and the generated Joule heat is discharged immediately.
Because of this, an active feedback control is implemented with additional temperature

sensors directly at the etching cell, monitoring the complete electrolyte flow from the
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3.1 Silicon microwire fabrication

electrolyte tank to the etching cell. In the case of organic electrolytes, the temperature
control is even more important because organic electrolytes have a small heat capacity.
Which means that even small amounts of generated Joule heat will lead to a large
temperature increase of the electrolyte. Because this temperature cannot be dissipated
accordingly, it will lead to an increase in the etching rate. Another important factor
of the electrolyte is the added PEG. The role of the PEG is essential for the chemistry
because it locally slows down the diffusion. It is a self-supporting process because
a reduced diffusion slows down the etching rate locally, especially responsible for
the pore modulation. The viscosity increase of the electrolyte due to the added
polymer enhances the diffusion limitation, which is essential in the pore modulation of
p-doped silicon. Whereas in n-doped silicon, it is easier to locally modulate the pore
diameter due to the generation of electron-hole pairs by modulation of illumination or
sinodical current density, for p-doped silicon it can only be achieved by deliberately
changing the kinetics during etching by viscosity increase. The reaction rate is directly
proportional to the diffusion coefficient, which is decreased in this case. By adding
PEG to the electrolyte, the viscosity of the pure organic electrolyte increases drastically.
For the mixed aqueous solution, the PEG is dissolved and the viscosity increase is
reduced. Whereas in aqueous solutions, the main contribution to the pore growth is
the indirect pore wall dissolution due to the oxide formation, the oxidization power in
organic solvents is almost negligible. Therefore another contribution to the pore wall
passivation is needed to have a controlled pore modulation. On the one hand, the pore
walls are H-terminated, but the polymeric chains of the PEG agglomerate at the pore
walls and form a passivation layer. Inside the electrolyte, they increase the viscosity.
Because the viscosity is anti-proportional to the diffusion coefficient, the relationship
is perfectly clear, leading to diffusion limitation. Consequently, the fluorine ions in
electrolyte cannot dissolve directly the pore walls with the same speed as without the

PEG, having a more precise control of the pore diameter [150, 41, 151].

The organic (water-free) electrolyte contains 12 wt. % HF in a pure DMF solution
with 2g of PEG. The etching is done at 17 °C. Figure 3.3 B b-d) shows the difference
in pores, compared to the aqueous electrolyte. The profile is different at the pore tip.
While the current is reduced and has a steep slope for the aqueous etching, the etch
current profile shows an increase again in the end. The adjacent schematic indicates
the influence of this diameter decrease at the pore tip. This is the biggest difference
between both pore geometries, depending on the application. The diameter at the

pore tip is very narrow compared to the bulk pore, allowing an easy detachment of the
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wire array from the substrate. If, on the other hand, the diameter at the tip is still the
same as the pore, a complete detachment will be difficult without partial destruction
of the wire. Second, pore modulation especially at deeper pores lead to the stabilizing

planes, necessary to keep the wire array standing.

3.1.3 Chemical etching

During the chemical etching, the pore walls are dissolved and determine the wire
thickness. The complete process is optimized to produce different wire thicknesses in
order to analyze and demonstrate the size influence on the cycling potential as seen in
Figure 3.4.

Prior to the chemical etching, the silicon sample is immersed in a 0.015 M aqueous
PEG solution for thirty minutes. PEG enhances the viscosity of the electrolyte and
locally at the pore walls. As a consequence, the etching process is kinetically limited
leading to an interface passivation at the pore walls. This process enhances the
selectivity of the etching. Without this additional step, the subsequent chemical
etching would not be homogeneous at every point along the pore length and even
without diameter modulation. Wet-chemical etching of silicon is performed in an
0.08 M aqueous, alkaline KOH solution, with additional 2wt. % of PEG with a molar
mass of 3360 g/mol. The etching rate highly depends on the temperature, as described
in section 2.2. Therefore, the process is performed at 50 °C. Figure 3.4 shows examples
of the 70 pm long silicon wires. The SEM images indicate diameter modulations for
enhanced mechanical stability of the complete wire array. Figure 3.4 a) shows in a
cross-sectional view that the pore walls are completely dissolved. In Figure 3.4 d),
the wire tips are illustrated for both types of etch pores. In the case of pores etched
in a mixed electrolyte, the pore diameter remains constant, whereas pores etched in
an organic electrolyte the diameter is reduced to a minimum, which is necessary for
the successful removal of the anode from the substrate. The thickness is controlled
by the time of the etching. After 30 minutes, the thickness of the wires is 1.8 pm. At
even shorter etching times, the pore walls are not completely removed. The wires
are not completely formed yet. On the other hand, longer etching times have severe
consequences on the mechanical stability of the wires because the diameter at the
wire tips, illustrated in Figure 3.4 d) 3.3, would be drastically reduced. The wires
would collapse and not remain standing. The thicknesses analyzed in this thesis scale

with time ranging from 30-60 minutes corresponding to a thickness range between
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Figure 3.4: Anisotropic wet-chemical over-etching of macropores to obtain sili-
con wires. Four different SEM images show the individual consequences of the
pore modulation on the wire geometry during macropore etching. The images
indicate a) the top part with the first stabilizing plane, b) the length of the wire
in the middle, c) the second stabilizing plane with the four different thicknesses
and d) the individual diameter modulation at the pore tips for the Si-arrays.
This modulation is also indicated in Figure 3.3 B d) and shows the specific dif-
ferences in the current modulation. As a comparison, the complete wire lengths
(70 pm) is shown above.

1.8m, 1.6 pm, 1.4 pm and 1.2 um. The electrolyte during macropore etching shows
its consequences during chemical etching. The enhanced oxidation power due to
the additional water inside the electrolyte enhances the dissolution rate due to the
formed silicon dioxide [151]. This layer does not function as a dielectric, but acts as a
sacrificial and accelerating layer. As a consequence, the pore wall dissolution is faster
and results already after thirty minutes in 1.8 pm thick wires. Anyhow, pores from
organic electrolytes have to be etched half an hour longer to result in the same wire

thickness, as for the mixed electrolyte.

3.2 Galvanic Cu deposition

For a good electrical and mechanical contact, all Si wires within the arrays, are
contacted with galvanically, deposited Cu in the top region of the microwire arrays,
as outlined in Figure 3.5. The advantage of galvanic copper deposition, compared
to CVD or other sputter deposition techniques, is that the copper can be deposited
between the structure with a high aspect ratio. For example, during sputter deposition,

as indicated in Figure 3.5 ¢), a thin layer of copper is deposited mostly on top of the
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Figure 3.5: Two-step galvanic metallization process. After the chemical etching
process a), the two step copper deposition includes b) a chemical copper deposi-
tion step, where a thin seed-layer is deposited on top and along the wires. The
inset shows how the layer grows around the wires. c¢) The schematic illustrates
two standard deposition techniques i) evaporation and ii) sputter deposition, in
order to emphasize the need of galvanic metallization. d) A thick current col-
lector is integrated in between the wires, enabling a good mechanical stability
of the complete anode.

wire. The schematic shows the copper deposition techniques following the chemical
over-etching, emphasizing the array in the background. In addition, it is possible that
the copper deposits on the first 1 pm of the wire walls. But due to the edge coverage of
the copper from both sides between the wires, it only leads to a reduction of the hole
and a closing of the possible deposition hole. The copper will not penetrate further
between the wires. Standard evaporation techniques are even worse because they
would only follow the contours of the wires, forming a thin layer on top, but would

never penetrate in between the wires.

Nevertheless, this is crucial for this application. As mentioned, the wires are
formed still attached to the substrate material. For the wire preparation no precursor
material is necessary because the complete process is a top-down process. In order to
have the current collector deposition in a cost-effective manner (even scale invariant),
the process is designed in that way that it is directly deposited on the substrate
material with the etched wires (without an additional transfer step before the galvanic).
Consequently, the current collector has to be electrically conductive, but calls for
good mechanical properties. In contrast to the galvanic deposition, the evaporation
or sputter deposition techniques do not allow good mechanical properties to remove
70 pm (and even longer) deep wires with a high aspect ratio over large areas. Therefore,

a silicon/copper contact is formed in between the individual wires, enabling a good

o8



3.2 Galvanic Cu deposition

mechanical stability to remove the complete wire array from the silicon substrate with
enough force. If this interface is weak, like for small thicknesses or in the case of CVD
or sputter deposition, it would lead to a simple layer removal of copper without the
wires. The copper is integrated in between the wires up to 12pum (Figure 3.5 d)).
The current collector has a thickness of about 35 to 45 pm. Due to the fact that the
wires have a minimal lengths of 70 pm, the force to detach this layer (in a transfer
process) has to be strong. Otherwise, only the thin copper layer is removed but the
wires will not stick to it. Of course, this good silicon/copper interface influences the
ohmic contact as well because it defines drastically the ohmic resistance losses inside
the battery.

3.2.1 Chemical Cu deposition

The chemical Cu deposition (Figure 3.5 b) is necessary to enhance the adhesion
between the silicon wafer and the thick copper layer, see Figure 3.5 b). It is done in
a 2.1wt. % aqueous HF solution with 1.9 wt. % of copper(II)sulfate at 50 °C as seed
layer for five minutes [149, 33, 59]. Constant stirring during the deposition enables
a continuous electrolyte flow over the sample. In this step, 100nm of copper are
deposited homogeneously on the sample. The reaction needs elevated temperature
control because it needs activation energy for the oxidation and reduction steps.
Increasing the deposition time to longer than five minutes will lead to a delamination
of the already formed layers and re-deposition on top of the previous layers due to the

continuously increasing layer thickness. The seed layer is not homogeneous anymore.

3.2.2 Electrochemical Cu deposition

To achieve a thick Cu layer, a galvanic deposition step is used. It is performed at
constant current of 35mA /cm? in an aqueous 17.7 wt. % sulfuric acid solution with
additional 2.5wt. % copper(II)sulfate, designed for a pH-value between 9 and 10 (see
2.4). For improving the copper film homogeneity, the process is temperature controlled
at 22°C (see 2.4). The resulting voltage lies in the region between 0.2-0.3 V. If the
voltage is too high, additional deposition is taking place for example at the backside
of the sample or at the assembly holders. As discussed in 2.3.3, the deposition needs a
counter electrode and a connection to the working electrode. For this set-up, a Cu

grid is used as counter electrode (under cathodic bias), as shown in Figure 3.2 ¢). The
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sample is placed on the copper grid made of parallel aligned and fixed copper wires.
During deposition, a copper film is formed directly on the wires i.e. electroplated.
Due to the contact between the copper grid and the silicon sample and the direct
deposition on the grid, a copper film is formed on the silicon substrate as well. Copper
is deposited on every wire of the sacrificial grid, increasing locally the thickness of
the copper from both sides between the grid wires. At some point, the layers form
interconnections and a complete layer on the silicon substrate. As mentioned, the
grid acts as sacrificial electrode to enhance the deposition rate and improve the film
homogeneity on the silicon because direct deposition is complicated due to adhesion
loss. Therefore, the silicon has a seed layer, which allows for the copper film i.e.
interconnections between the grid wires to stick on the silicon. SEM images indicate
that the deposition starts from small islands or agglomerations, which allows for a
high aspect ratio deposition, even at these dimensions (pitch size of 1 m and 12 pm
in z-direction). This adhesion allows the deposited copper to integrate between the
wires and the layer-transfer process works. As mentioned before, the current collector
has to withstand forces in order to remove both the copper with the integrated wires
completely. Therefore, the thickness of the collector is optimized to be in the range

between 35 pum and 45 pm. The deposition rate is 62.5 nm/minute.

3.2.3 Chemical Cu dissolution

For some applications or characterization techniques like in-situ XRD or TEM analysis,
the thickness of the current collector is too large to be electron transparent. Therefore,
the thickness has to be reduced in a subsequent step by a factor of five (70 % of the
thickness is etched off). This dissolution step can be considered as an additional
etching step. Therefore, it is necessary to protect the already finished silicon wires.
They are covered with a typical photoresist ARP 3100, which is chemically stable
in this chemistry. The photoresist is dried at 120 °C for 30 minutes prior to etching.
As previously motivated, the removal of the complete stack from the substrate needs
force, which cannot be provided by thin (5pum - 10 pum) copper layers. Consequently,
the thick copper layer is dissolved by chemical dissolution in an aqueous 1wt.%
sodiumpersulfate solution at 50 °C. The weight loss is constantly monitored during
the chemical dissolution, taking into account the additional weight of the photoresist.

The remaining photoresist is subsequently removed.
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3.2 Galvanic Cu deposition

3.2.4 Large area metallization via gel matrix

The above described deposition set-up and processes are optimized for samples up to
a 2cm? area. For larger areas a different approach has been developed. This process
is aimed for scale-invariant processing suitable for large area contacting of up-scaled
silicon wire etching. With larger contacting area, the lateral potential differences
across this area increase. Furthermore, the applied currents increase proportional to
the diameter. For small samples with 1cm? the applied current is 35 mA. (For large
areas the current would be in the order of 2 to 3 A.)

The idea is to have a dried polymeric matrix, where the copper deposition can be
initiated by contacting the silicon wafer and the matrix with water. As the chemistry
for the copper deposition is already embedded and dried in the matrix, it is an ideal
current collector matrix for role-by-role processing. As pre-defined nucleation points,
copper filaments are incorporated insie the matrix, where the copper deposition starts.
As the layer thickness grows, the film spreads across larger area and a closed copper
film results (Figure 3.6). The size of each template can easily be 20 cm x 20 cm or even
larger. By just placing a dry template on a top of a Si wire array and adding water

(so-called layer-transfer-process), a Cu-seed layer and a close connection between the

Figure 3.6: Scale-invariant copper metallization initiated in gel matrix. The
metallization requires a gel that is chemically stable in HF and mechanically
flexible to allow a layer-transfer process in the dry state. a) Dried gelatin ma-
trix with embedded copper filaments, b) Partially dissolved gelatin matrix after
chemical copper deposition, c) Final metallization after electrochemical deposi-
tion, d-e) SEM images of the metallization directly at the interconnections. f)
SEM image of the dendritic growth inside gelatin.
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Cu network and the Si wire array is formed due to two reasons: a) the wet hair effect,
b) incorporation of the necessary chemistry i.e. Cu-sulfate in the gel. This approach is
obviously applicable to large samples, can be useful e.g. to from metallization on solar
cells as well and therefore has been patented (W02016,/037610 A1 - 17.03.2016).

In detail, the copper deposition can be initiated via a gel matrix with embedded
copper filaments [152]. As illustrated in Figure 3.6, several templates have been
produced, varying in a) number and length of copper filaments, b) gel type and c)
chemical composition. Figure 3.6 a) shows a dried gel matrix made of gelatine. The
advantage of these gels is their swelling and drying process. The hydrogels swell upon
contact with water or other solvents. Upon drying, the water evaporates leaving a
flexible gel membrane behind (in the dry state), keeping the incorporated filaments
in place. They replace the copper grid, described in 3.2.2. The copper filaments are
arranged in the dry state in order to touch each other at small, local interconnection
points. The purpose of those filaments is to act as nucleation points for the copper
deposition, see Figure 3.6 b-e). As the deposition proceeds, the copper thickness
on and around the filaments increases leading to a homogeneous layer around each
filament. The filaments should be arranged in that way that the next filament is in
direct contact. This allows the copper which is formed around each filament to touch
forming an homogeneous layer on the silicon substrate. In this way, the filaments
form a percolating network. Nevertheless, the correct order of filaments is essential.
If many filaments overlap, the copper thickness increases locally on the filaments (in
z-direction), but no film forms on the silicon surface (x-y-plane). The size, geometry
and thickness of the filaments has been evaluated as well and found to be crucial for
the copper deposition i.e. nucleation center. Thin filaments have the disadvantage
that only thin copper layers are formed (in the nanometer range). Hence, those
filaments predominantly form islands and could not be dispersed individually, leading
to island growth and not to layer growth. Optimal filament thickness was found to
be at 70 pm with lengths ranging from 5mm to 1cm. The SEM images in Figure
3.6 d-e) indicate how the copper is deposited at the filament interconnections. Focal
microscopy analysis indicated the thickness increase around these interconnections,
acting as film nucleation. A network of these interconnections is best and successfully

implemented by using pure electrostatics to arrange the filaments in a correct order.

In order to take advantage of the wet-hair effect of the gel, the gel should re-solve
in contact with water, but not completely dissolve or decompose. In addition, it should

be chemically inert or stable enough to maintain the mechanical stability towards the
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filaments and the silicon substrate. Accordingly, different gel types and compositions

are evaluated in Table 3.1.

The evaluation showed that the water content is crucial and influences the
flexibility and layer thickness of the resulting dried gel matrix. If the water content is
too high, the membrane swells too much and is too flexible after drying or even leaving
residual water in the matrix hindering the drying process. But the layer transfer
process relies on a membrane which is completely dry (the water content is nearly zero
after drying). It is even possible to incorporate the same, necessary chemistry for the
chemical deposition like CuSOy, inside the gel, thus initiating the copper deposition by
only wetting the matrix. Hydrogels are stable in HF environment, enabling even the
incorporation of fluorine ions inside the matrix. This allows to store and initiate the
chemical deposition in-situ by water contact. During this process, the fluorine ions
adsorb at the copper filaments and a thin copper forms, while swelling again. Due
to the in-situ process, large areas of dried matrices with incorporated chemistry can
be produced without an additional chemical deposition step like before. The amount
of CuSO4 was not crucial for the deposition process and the same amount, as for
the standard chemical copper deposition, could be maintained. Among the proposed
hydrogels in Table 3.1, gelatine is the most suitable candidate because a) it exhibits a
high mechanical stability, but the chemical stability is limited in such a way that the
layer-transfer process of the matrix with the copper is guaranteed, but the gelatin is

dissolved during the electrochemcial etching process.

Gel Gel Type Composition (Gel:CuSO4) Water [ml]
Gelatine Protein gel 1:2.5 4
Gelatine Protein Gel 1:3 4
Gelatine Protein Gel 1:5 4

Polyacrylamide Polymer 1:2 8
Polyacrylamide Polymer 1:4 8
Polyacrylamide Polymer 1:5 20
Alginate Alginic Acid 1:2 10
Alginate Alginic Acid 2:1 20
Alginate Alginic Acid 20:1 20

Table 3.1: Overview of gelation behavior depending on gel type.

This flexible membrane is placed on top of any silicon wafer and contacted by
wetting the layer with water. Upon that contact, the membrane adheres perfectly
to the wafer due to the wet-hair effect. This wet-hair effect is the advantage of this

technique. Upon wetting the gel swells, but does not dissolve completely. If the
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chemistry for the chemical deposition is already integrated in the gel, subsequent
chemical deposition is not necessary anymore. As a result, this process is cost-effective
and time saving. Because the process relies purely on dry processing, the gels can
be prepared and stored. Such gels with the embedded chemical components form
thin copper layers and still need the electrochemistry to form thick copper layers.
Anyhow, the electrochemistry takes advantage of the growth mode of copper initiated
in gelatin. Upon electrochemical deposition, small dendrites grow, see Figure 3.6 f). By
redirecting the dendrites, the deposition rate in gelatin is enhanced from 62.5 nm/min
to 210 nm/min, reducing the total time for the metallization by a factor of four, making
this process attractive for commercial or industrial applications. The dendrites do not
necessarily grow perpendicular to the silicon surface, but also at very narrow angles,
leaving space for the copper to grow around and on top of the dendrites, and thus,
accelerating the metallization. During this deposition step, residual gel is completely

dissolved.

While the chemistry is not changed, the deposition parameter are adapted to this
process. It is necessary to incorporated a potentiostatic step in the beginning of the
deposition. It allows to keep the filaments and the matrix in place, while immersing
the set-up in the electrolyte. Without this additional step of five seconds, it might be
that a mechanical separation between substrate and matrix occurs, if a water bubble

remains at the interface and hinders the wet-hair effect.

3.3 Electrode fabrication

The anodes as half cells vs. Li in this thesis are tested via electro-analytical charac-
terization methods and performance tests. In order to do that, two different anode
configurations are tested throughout this work. First, paste electrodes are fabricated.
These electrodes are comparable to the standard electrode fabrication process and
allow to monitor the most common degradation mechanisms in this type of electrode.
It allows to detect limitations of the diffusion and kinetics of the pastes. The length
and thickness of the silicon wires can be deliberately adjusted by the macropore etching
process. Therefore, it is not necessary to discuss any contribution to the kinetics
of differently sized spherical silicon particles. But the analysis concentrates on the
interaction of silicon wires with the paste due to the random distribution of the wires.

Second, a freestanding array electrode structure is tested because it eliminates all the
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disturbing and well-known problems of pastes due to a highly-oriented silicon structure
(33, 125].

Not only the performance is of interest, but also the structural change during
lithiation processes is investigated within this thesis. Therefore, the anodes are
characterized by ex-situ and in-situ techniques for which specially designed half cells

and wire arrangements are required.

3.3.1 Si-Paste electrodes

The paste electrodes analyzed in this work have the same composition as standard
graphite paste anodes, just replacing graphite by micrometer-sized Si wires [33]. On
industrial scale, such pastes are transferred by roll-to-roll processes. The pastes are
mixtures of two or more components casted or glued to the current collector. Silicon
nano-/microparticles are mixed with a conductive additive and a binder. Conductive
additives are used in this process to enhance the conductivity of the anode. Most
commonly carbon black (CB), graphene, graphite etc. are used for this purpose.
As the name indicates, binders have the task to bind the particles together without
reacting with the active material and changing their chemical structure. During
volume expansion of the anode the particles expand and contract. If the binder would
not exist or withstand that in the matrix, the particles would loose their connection
between each other and to the current collector [153, 154, 87, 155, 156, 157]. No
percolation would exist anymore and no charges could flow. The role of the binder
and its function is discussed in more detail later in chapter 4.1. Figure 3.7 shows
exemplary an SEM image of the wires, embedded in the carbon black matrix. The
paste electrodes based on silicon microwires for this thesis use carbon black, Super P
(Sigma Aldrich) as conductive additive and carboxylmethylcellulose (CMC) as binder
(if not indicated otherwise). The finished silicon microwires are scratched off from
the silicon wafer substrate. The wires are mixed with carbon black in a ratio of 1 : 1
45 wt. %; the remaining 10 wt. % is the binder. A homogeneous mixing is achieved by
adding 3 microdroplets of water to the paste to reduce the viscosity. The samples
are casted on a 1cm? area sample and dried in a vacuum oven at 75°C over-night.
If the amount of the silicon wires is increased up to 75wt. %, the adhesion inside
the paste is weak and no homogeneous film is formed. For this ratio, the amount
of binder has to be increased to have a good adhesion between the particles. The

increased amount of binder leads to delamination of the current collector during the
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Figure 3.7: SEM image of a typical paste electrode with silicon microwires embedded in a
conductive carbon matrix. These paste electrodes are similar to the commercially available
graphite electrodes, just replacing the graphite with silicon. The binder is completely
adsorbed on the silicon surface, therefore, it is not optically visible. Sodium residues from
the cellulose (sodium cellulose) are found in the subsequent EDX analysis, which show that
the binder exists and is adsorbed. Carbon black surrounds the wires and connects it from
every side to the current collector [33]. The SEM image demonstrates the good quality of
the binder, carbon black interaction with the silicon.

drying process. Furthermore, the conductivity of the samples is small. If on the other
hand, the amount of carbon black is increased, the conductivity of the samples is high
enough but the electrochemical signal is rather weak because less active material is
used. Additionally, also here the amount of binder in the paste is crucial in order to

avoid delamination.

3.3.2 About half-cell formation

In contrast to paste electrodes, Si-array electrodes investigated in this thesis do not
need any conductive additives. As illustrated in Figures 3.3 and 3.4 the diameter
at the end of the wires are very thin to facilitate the removal of the anode from the
substrate after the galvanic deposition of the current collector. In order to avoid any
oxygen or moisture contamination, the half-cell preparation is always performed in
an Argon filled glovebox. Stainless steel housings are used as battery housings to
avoid any influence of the housing material due to possible corrosion or side reactions.
A glass fiber membrane (from Whatman company) is used as mechanical separator
of cathode and anode electrode. The glass fiber membrane has an average pore size
of 1.5 ym and a thickness of 625 pm. With those membranes, it is possible to avoid
dendritic growth. The anodes are tested in half-cells. Those test cells are beneficial
because only one electrode is characterized whereas the counter electrode is a well

known reference: metallic lithium. During the electrochemical characterizations, every
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value is calibrated to lithium.

The half cells need counter, reference and working electrodes. The working
electrode is the silicon anodes which is characterized. The separator is placed above
that and rinsed with the battery electrolyte LP 30 from BASF. The metallic lithium
(Sigma Aldrich) with a diameter of 1c¢m? is placed on top and acts as reference and
counter electrode. In the stainless steel housing additional springs increase the pressure

on the electrodes to enhance the contact between them.

3.3.3 Pouch cells

In contrast to a stainless steel assembly, (standard) pouch cells are prepared with
polymer pouches. Polymer pouches are polymer membranes made of polyethylene
or polypropylene. The flexible arrangement allows to investigate oxygen sensitive
electrodes via XRD and TXM. Compared to other pouches (which are laminated with
Aluminum tape for contacting), these pouches are transparent, for the electron beam to
pass through the polymer and to have a local control, where the characterization takes
place. Optically and X-ray transparent polyester pouches (provided by Ampac) are used
which exhibit high tensile strength and are chemically and heat resistant. Additionally,
they are flexible and vacuum sealable because for standard characterizations they
have to fit in preparation assemblies which are (sometimes) very small. For actual
measurements, no air or humidity is allowed to come into contact with the electrodes.
Otherwise they will oxidize and a high risk of explosion occurs. Pouch cells with
anodes for in-situ as well as ex-situ measurements are prepared as follows (seen in
Figure 3.8). The beam needs to be focused through a small hole in a sample holder
exactly at the edges of the sample, which makes the preparation difficult. The small
pouch cells have a length of 6 cm and a width of 4cm. As indicated in Figure 3.8, two
configurations of pouch cells are prepared /needed for the in-situ measurements. Figure
3.8 a) shows the standard way of contacting pouch cells. First of all, external negative
terminals as current collectors are used for pouch cells. They form the external contact
between the electrodes and the potentiostat. They have a width of 3mm and are
60 mm long. The electrodes are placed in between the current collector tabs. On the
anode side, the tabs contact the copper and on the cathode side, they are in direct
contact with lithium. In order to avoid short circuits, they are not allowed to touch
each other. In contrast to the "standard characterization" in chapter 4, an electron

and X-ray transparent cell needs to be optimized to allow for accurate measurements,
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Figure 3.8: Specialized pouch-cells for in-situ and ex-situ pouch cells. a) Standard pouch
cell configuration for in-situ as well as ex-situ XRD measurements with synchrotron radiation.
b) Special designed pouch cell configuration for in-situ TXM measurements for synchrotron
measurements

which are neither negatively influenced by a thick current collector nor separator
material. Therefore, the separator material is changed to PP /PE double layer Cellgard
filter of 25pm thickness. The pouch cells are also only half-cells, using the same
metallic lithium as counter and reference electrode. In order to allow diffusion inside
the pouch cell between the electrodes, small amounts of electrolyte wet the separator.
The external tabs are chemically inert and do not influence the experiment. Figures
3.8 b) and 3.9 illustrate the second pouch cell configuration for in-situ synchrotron
characterization, like TXM. TXM has a very high local resolution, see section 2.8.1,
and allows to monitor crystallographic and structural changes on the nanometer or
sub-micrometer range of individual Si-wires along the length of a wire. As a result
of the perfect alignment of the wires along the <100>-direction across the surface,
a configuration as shown in Figure 3.8 a) would only lead to an integral analysis
across the surface i.e. wire tips, but not to detailed local analysis along a wire (Figure
3.9). Consequently, a special electrode configuration was developed. The wires are
bent. Thus, some wires at the edge lie perpendicular to the surface. That way, locally
resolved measurements at specific points could be performed, indicated by the white
square in Figure 3.9. Compared to the first configuration of pouch cells in Figure 3.8
a), the external tabs are not parallel to each other, but placed in-line to each other,
leaving only a small area in between for the sample. The area in between the tabs

has to be as small as possible to limit resistance losses during the measurement. As
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a) i. Surface ii. Bending iii. Cross-section

' Cu current collector
o Si wires

Cross-section

Figure 3.9: SEM images of the wire array configuration inside pouch cells by bending
the sample. a) The schematic shows the idea of the wire configuration for the structural
analysis. The corresponding SEM images in b) emphasize the highly-symmetric structure,
which makes a different cell and wire design necessary. On the left side, the wire arrays are
shown in a top view. The cross-sectional view after bending shows that only some wires
stand in one direction whereas others stick out.

indicated, the distance between both tabs is around 0.3-0.5 mm.

3.4 Cyclic voltammetry

The most common ex-situ characterization method is the cyclic voltammetry measure-
ment, explained in section 2.6. The voltammetric set-up used in this thesis is based
on the electrodes in the half cells and the connected potentiostat build by ET & TE
GmbH. The basics of the voltammetric set-up is a three electrode configuration. The
working electrode (WE) is the sample to be analyzed where the voltage is applied to.
The counter electrode (CE) closes the circuit. An additional third electrode is the
reference electrode (REF), to control the applied voltage. The counter and reference
electrode are connected together and act as one electrode. Thus, the measured voltage
is always referred to the standard potential of metallic Lithium which acts as the
counter and reference electrode in half cells. The three electrode configuration is
necessary to compensate the additional losses occurring within the electrolyte, cables

and of the electrical connections.

The anodes have been cycled between 1V and 20mV. Lower voltages than 20 mV

are not suitable because metallic lithium would be deposited on the anode surface. All
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experiments were cycled from 1V and 20 mV and back to 1V, using mostly slow voltage
sweep rates v = Ey — Ey/t of 0.1 mV/s, in order to reach nearly steady-state conditions
for the whole cycling experiments, i.e. one scan takes 163.3 minutes. Typically, at
least five cycles have been measured. The half cells are covered with an additional
double walled stainless steel housing. Water cooling of the stainless steel housings
was used to change the temperature during the experiment. An additional PT-100
temperature sensor connected to the housing was used to control the temperature in
the range between -5°C, 0°C, 20°C, 40°C, 60°C and 80°C.

3.5 Cycling

The long-term cycling and performance measurements are done with a potentio-
stat/galvanostat from Astrol Electronics. This potentiostat/galvanostat has eight
independent (grounded) channels to perform eight measurements simultaneously. It
can measure in a current range between 5-200 mA with an accuracy of +0.08 % and
in a voltage range of 12V with an accuracy of +0.01 %. The measurements are
controlled via a CCCC software. Again the temperature was controlled typically to

20° C, as described above by water cooling of the housing.

The anodes are tested by a characteristic cycling program which includes poten-
tiostatic and galvanostatic steps. The schematic in Figure 3.10 illustrates the capacity

and weight calculation with the individual properties of the wire. For that, the active

Depth

needle

C =m=* Cepeo
=V*pg
= [Nneedte * Tneedte * DePthneedre * (Lew — Lneeate)] * Psi

TCu

Figure 3.10: Capacity calculation based on the wire geometry. The wire has a simple
cubic base and is partially embedded in the copper. These properties have to be considered
for the exact capacity calculation C. The theoretical capacity of silicon is 4200 mAh/g.
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material weight m,c.qies has to be calculated, depending on the thickness T ceqes,
length Lceqies and number of N,,coqes Of the wires. The wires are partially embedded
in the current collector. For the calculation, only the active material has to be con-
sidered. Therefore, the total length of the wire needs to be calculated without the
part embedded in the copper current collector. In those programs, the state of charge
(SOC) and additional parameters are optimized and adjusted for each measurement

and purpose.
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Chapter 4

Results and Discussion -
Part 1: Paste Electrodes

Paste electrodes are the most common, industrial way of fabricating electrodes for
Li-ion batteries. The active ingredient (e.g. graphite for commercial anodes) is
embedded in a “paste” containing different functional materials, like conductors
(carbon additives and binder materials. Here they contain silicon microwires. The
general problem in industrial fabrication is a large spread in the average particle
size; the actual size varies typically between 2pm to 100 pm. This inhomogeneous
distribution is mirrored in a local spread of the physical and chemical properties. A
local property spread, in turn, does not allow to identify the exact processes for the
Li incorporation into the silicon from external measurements like FFT impedance
analysis. With the macropore etching process in silicon as introduced in chapter
3, it is possible to precisely adjust the thickness as well as the length of each and
every wire in an array. Utilizing thin necks as pre-determined breaking points,
uniform cylindrical Si particles are obtained for the creation of well-defined paste
electrodes. This chapter elucidates why (industrial) paste electrodes with silicon do
not perform well and which effects have to be considered in order to understand
the exact processes. With the precise thickness and length variation of the silicon
wires, it was possible to demonstrate a “geometrical” disintegration of the paste,
rather than a chemical decomposition. These physical processes were investigated by
in-operando impedance measurements in section 4.2. From the outside, a battery
represents a black box with just external connections to the power supply or load.
This allows characterizing currents and voltages, but it is impossible to record
physical and chemical properties directly. From the cycling results of current and
voltage, one can draw some conclusions about what happened during charging and
discharging by comparing measured data with model simulations afterwards. With
in-situ FFT-impedance spectroscopy, as utilized in this chapter, it is possible to

record a range of time-resolved parameters tied to the relevant individual processes
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simultaneously. With a specialized fit model (typically several connected RC circuits),
the physical processes can be assigned to resistors, capacitors, and in particular to
time constants, allowing deep insights into the various processes taking place. The
slowest time constant in this system, for example, is linked to the charge transfer
process into the silicon, which thus turns out to be the rate-limiting process. This
time constant is directly correlated to the movement of the paste and the void
formation because of the volume expansion of silicon, attributed to the fastest time
constant. The paste does not change its volume in synchrony with silicon increasingly
insulating the silicon because the mechanical properties of the binder material are
limited. Consequently, the void formation and the slow charge transfer result in a

drastic capacity fading.

This analysis demonstrates that impedance spectroscopy is currently the only
tool to assess the internal working of the “black box” and can indeed record defect
formation and the "health” status of paste electrodes during the battery operation. In
conclusion of chapter 4, the problems of Si paste electrodes can be traced to a purely
mechanical problems and not, as usually assumed, to problems of the silicon battery

electrochemistry.

4.1 Length and Thickness Influence of Si Microwires

on Lithiation Potential

As already discussed in chapter 2.5 in more detail, a typical charging and discharge
curve for silicon, recorded during cyclic voltammetry, has four peaks, responsible for the
lithiated and delithiated silicon formation. Figure 4.1 shows the correlation between
the measured current, time and potential as well as an example of the corresponding
voltammogram typical for silicon. For the silicon microwires, no additional peaks are
recorded, relative to Si-C pastes discussed in literature [81, 24] . Lithiation behavior
is described by Peaks 1 and 2 referring to the partial (intermediate) and full lithiation
behavior. Those peaks correspond to the phases Li,Si and Li,;1Si,. That means
that more and more Li ions are incorporated into the silicon wires. By reversing the
potential scan direction, the Li ions are removed from the anode and the phases are
changed again. Peak 3 and Peak 4 refer to the partial and full delithiation peaks. The

figure indicates the applied potential as well. Every point of the current response
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4.1 Length and Thickness Influence of Si Microwires on Lithiation Potential

in the time resolution relates to a certain potential. This allows to define changes
in the time resolution directly to voltage changes, which might correspond to phase
transformations or even to changes inside the electrolyte. Further details of the paste
electrodes and the mechanisms during lithiation are discussed in chapter 4.2 as well as
chapter 5.2.

4.1.1 Length Dependency of Si Microwires

As demonstrated in Figure 4.1, the peaks correspond to a certain potential. The peaks,
which are indicated in the figures, are taken for each size, recorded according to cycle
number and change upon that and compared. Figure 4.2 shows the lithiation and
delithiation potential dependency on the wire lengths for the third cycle. Due to the

very precise structuring i.e. etching method of the wires, it is possible to vary the
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Figure 4.1: Example of a typical voltammogram in correlation with the current-time
profile. This correlation illustrates how the current relates to the applied voltage and
emphasizes how the peak shift is investigated. The lithiation peaks are referred to as peak 1
and peak 2 for the partial and full lithiation peak. The delithiation peaks are referred to as
Peak 3 and Peak 4 (see chapter 2.5). Both diagrams show the same information, but are
displayed in a different representation.
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length and thickness of the silicon wires. This makes a detailed analysis of the sizes
and the corresponding lithiation potentials possible. Different lengths and thicknesses
of the wires are produced ranging from 35 - 75 pm with a constant thickness of 1.4 pm
as well as thickness variations ranging from 1.2 pm up tol.8 pm with a constant length

of 60 pm.

To analyze the lithiation process, the partial and full (de-)lithiation peaks are
analyzed separately (Figure 4.2 a-d). As discussed in chapter 2.5, delithiation means
the removal of the Li ions from the anode, which might have an effect on the silicon
microstructure and needs to be determined, refer to chapter 5.3. The x-axis represents
the lengths of the wires. When the wires are getting longer, the delithiation peak
potentials increases almost linearly, i.e. in a standard cyclic voltammogram (IV-curve),
the peak position shifts to the right. The difference between the shortest and the
longest wire in terms of delithiation potential for the full delithiation peak is 60 mV. As
discussed in section 2.5, the lithiation potential can be translated into a incorporation

voltage i.e. the voltages, which are needed for the Li ions to go into the crystal structure
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Figure 4.2: Influence of lengths on lithiation and delithiation potentials. The lithiation
potentials can be transferred into incorporation voltages, by taking the starting and end
point of the individual potential scan into account. With increasing length of the wires,
more voltage is needed to incorporate the ions across a large surface area. The error bars
indicate the changes for the number of cycles as standard deviation [33]. Additionally, the
figure contains very long wires of 135 um to estimate how the lithiation and delithiation
potentials develop.
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of Si. Those incorporation voltages are calculated by taking the scan direction during
the cyclic voltammogram into account:. For the lithiation process (scan direction
between 1V and 20 mV, the open circuit potential U, is taken as reference, the open
circuit potential of a battery after assembly. The tested half cells with the silicon
microwires have an open circuit potential U,. of 3 V. Lithiation is performed between
1V and 20mV. Therefore, to calculate the incorporation voltages for the lithiation,
the open circuit potential U, is subtracted by the peak positions of the Peaks 1 and
Peak 2.

For the delithiation, the scan direction is changed from 0V to 1V. The voltage
is then calculated by the difference between the peak positions 3 and 4 and the
scan reversal at 0 V. The right y-axis in Figure 4.2 shows exactly the trend of the
incorporation voltage. According to the delithiation behavior in Figure 4.2 a-b), the
incorporation voltage increases as well with the length of the wire. The longer the wire,
the more voltage is needed to remove the ions from the anode - to destroy the Li,Si,
alloy, which forms during the lithiation process. Figure 4.2 c¢-d) shows the tendency
of the lithiation peaks versus the wire length. The curves for the partial (Peak 1) as
well as the full lithiation peaks (Peak 2) decay exponentially with the length. The
longer the wires, the more flat is the lithiation curve. There is a saturation and the
lithiation potential decays slowly. As indicated by the definition for the incorporation
voltages, the smaller the value for the lithiation potential is, the higher are the values
for the incorporation voltage. This length dependency could be understood by using a
simplified network of series and parallel resistors describing the wire resistance, shown
in Figure 4.3. The additional series and parallel resistors account for the length L and
thickness 7" inside the different paste electrodes. An additional series resistance R.oniqet
is added in series to account for the contact formation with the surrounding matrix.
When the wires are embedded into a conducting matrix of CB and CMC, the wires
are homogeneously electrically contacted from every sides by the conducting matrix.
This matrix functions as a percolation network between the silicon microwires inside
the paste electrodes and as contact to the current collector. Li ions can diffuse from
all three directions to the wires (except for the one side facing the current collector)

and incorporate into the wires.

As previously described in chapter 3.3, inside the different set of paste electrodes
the same amount (in g) of silicon wires is used. Consequently, when increasing the wire
length to 2 L, the overall amount of wires is N. This means that inside the pastes with

wires of length L, twice as many wires exist. Long wires could just be broken in the
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Figure 4.3: Model of size differences of Si microwires in paste electrodes during lithiation
and delithiation according to a resistance model [32, 33]. The schematic shows how the
thickness of the wires can be described by the number of parallel resistances. The length can
be described by the number of resistances added in series. For more wires, this equivalent
resistance model can be applied for N wires. An additional series resistances indicate the
electrical (ohmic) contribution due to the adhesion of the silicon wires to the carbon matrix
and the current collector.

middle and the small wires would remain. As a result, the total volume and surface
area of the silicon wires (for the complete pastes) are the same. Due to the same surface
area, the diffusion path remain also the same. Thus, they should behave completely
similar. Nevertheless, the voltammetric results indicate (repeatedly) a strong voltage
increase with longer wires. Exactly these set of pastes or experiments allow to decouple
possible geometrical effects from diffusion and kinetics. Thus indicating that it might
not only be a geometrical effect. For an increase in wire length, the number of series
resistors increases. In order for the same current to flow through wires of different
length, the resistance across this wire is increased. Therefore, the incorporation voltage

increases almost linearly.

Strong hints are directed towards the ionic transport inside the wires and the
contact formation lengthwise of the wires. This could be emphasized by looking at
the length change during lithiation. The wire expansion by a factor of four indicate a

direct correlation between the length increase and the consequence on the diffusion
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length. During this change, the diffusion length for the ions become larger for long
wires, compared to short wires. Figure 4.3 indicate a homogeneous integration of the
silicon wires. In order to point out the problem, it is necessary to consider the worst
case of contacting: if only the ends would be contacted to the matrix, the resistance at
the interface would be infinitely small. With an increase in wire length, the resistance
increases drastically until the wire is no longer in contact to the matrix and thus looses
ohmic contact. The wire would no longer be in contact to the current collector because
less contact points exists to the paste. This means only half of the long wire would
be contacted, resulting in a loss of active material. Consequently, it is a reduction of
the wire length with the same number of contact points. This could be considered as
the effective surface contacting. With increasing length of the wire, the probability
increases that more Li ions incorporate into the silicon at different positions along the
wire. The number of incorporation positions increases. Consequently, the increased,
local incorporational positions need higher energy to break the still existing bonds
resulting in higher incorporation voltages in Figure 4.2. Figure 4.2 shows additionally
an estimation of the potentials for very long wires of 135 pm length. Longer wires
cannot be produced with the used mixed, aqueous electrolytes. Only by modifying
the electrolyte and using pure organic electrolytes allows to fabricate even longer
pores and wires. This size dependency demonstrates the importance of these defined
incorporation voltages. The trend for the delithiation potentials is similar to the
already discussed results of the other wire length; it increases more. More voltage is
needed because the ions have to be removed from even longer wires, across a larger

surface.

The lithiation behavior changes for really long wires. This change is illustrated
already between 60 pm and 75 pm. Up to 60 pm, the incorporation voltage for the
full lithiation peak in Figure 4.2 ¢) increases. For even longer wires, the incorpora-
tion voltage decreases, facilitating the alloy formation and ion diffusion. The same
can be seen in Figure 4.2 d) for the partial lithiation peak. For longer wires, the
second contribution dominates the lithiation behavior. There are much more local
incorporation points for the Li ions. Not all travel with the same velocity and distance
towards the silicon interface. Some are already incorporated forming lithiated Si
alloys. Additional ions still need to incorporate into the structure. Some ions move
forward into the structure, compensating the additional energy required for the first
lithiation. Therefore, the voltage is reduced. Another contribution is the adhesion to

the conducting matrix. Another import contribution is the electronic conductivity of
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the carbon black because there are larger areas of only carbon black in the electrode.
This contribution reduces the lithiation potential [125]. This phenomenon is supported
by additional FFT-IS analysis in chapter 4.2.

This size-dependency analysis shows that the length of a silicon wire has a direct
impact on the lithiation and the delithiation potentials. This has a direct consequence
for the cycling of these wires. Anodes and cathodes are cycled within a specific voltage
range, designed for the electrochemical voltage window of the material and electrode
side. Quiroga et al. showed that the voltage ranges are very different depending
on the structure, shape and material [91]. A large range of voltage limitation, for
example between 1V and only 20 mV, for a silicon system during cycling has a direct
impact on the cycling behavior. As indicated in this cyclic voltammetry analysis, the
peaks appear for silicon between 100 and maximum 800 mV. Consequently, the phase
transformations happen only in this voltage range. Thus, it would be beneficial if the
anodes would only be cycled in this range. Cycling in a larger voltage range means
that the electrode needs this additional voltage to achieve higher capacities. This has
a severe drawback and adds on the series resistance losses on the anodes. In order to
illustrate the drastic influence of this size dependency on the specific voltage ranges,
the minimal and maximal voltages i.e. the voltage limitations for the discussed length
and thickness variations are shown in Figure 4.4. It shows directly that the length and
thickness changes both voltages. The minimal voltage increases linearly. Consequently,
if the size is not at all considered during cycling, these will not be ohmic resistance
losses, but diffusional losses, which limit the anode. Therefore, it is necessary to adapt

the voltage ranges according to the specific length and thickness as well.

4.1.2 Thickness Dependency of Si Microwires

The lithiation as well as delithiation potential depends directly on the length of the
wires. Now, the thickness dependence is discussed as shown in Figure 4.5 as well. The
delithiation process for different wire thicknesses is represented in Figure 4.5 a-b).
Both curves show a similar tendency. They decay almost exponentially with increasing
thickness. The right y-axis shows also here the translation into incorporation voltages.
The larger the thickness of the wire, the smaller is the voltage which is needed to
incorporate Li ions inside the anode. The incorporation voltage decreases for thick
wires about 60 mV compared to very thin wires for both the partial and full delithiation

peaks. For the lithiation - the incorporation of the Li ions into the silicon - both peak
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Figure 4.4: Size-dependent voltage limitations for cycling silicon microwire anodes. a) The
figure indicates the minimal voltages with varying wire length. The left y-axis indicates the
minimal voltage for cycling. The minimal voltage means it is the voltage after both lithiation
peaks. The maximal voltage, right y-axis indicates the voltage after both delithiation peaks.
These specific voltage limitations are indicated by arrows for each length and thickness of
the wires b).
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tendencies have to be discussed separately. Figure 4.5 ¢) describes the behavior of the
full lithiation peak. The lithiation potential increases first almost linearly with the
thickness up to 1.6 pm; the curve changes the slope significantly when the wires get
thicker. The peaks shift to larger values. This implies that less voltage is needed for
the ions to enter the silicon wires. Also here the difference between the thin and the
thick wires is 60 mV. Summarizing, both delithiation peaks as well as the full lithiation

peak show the same tendency for the incorporation voltage for thick wires.

The partial lithiation, on the other hand, shows completely the reverse behavior.
As indicated in Figure 4.5 d), the lithiation potential decreases. The peaks shift to
smaller values for thick wires. The incorporation voltage AV increases. Li ions need
much more voltage to incorporate into Si wires, if a critical wire thickness is exceeded.
In this case, the difference in lithiation potential lies around 100 mV. In order to
understand the lithiation behavior for the different wires, several contributions have

to be taken into account.

The network of series and parallel resistances, proposed in Figure 4.3, is taken to
describe the thickness contribution inside paste electrodes as well. For the thickness
contribution, additional parallel resistors are applied to the network. For thicker wires,
the cross-sectional area increases and thus the number of parallel resistors (since the
wire resistance is inversely proportional to area) i.e. simply speaking, a thick wire
is a parallel arrangement, thus parallel resistors, of thin wires. Due to the parallel
arrangement of the resistors, it is clear that smaller voltages are necessary to allow
the same current to flow to trigger the reaction. When using thick wires, the effective
surface contacting area needs to be considered as well as the diffusion inside the
wires. For thick wires, the effective surface area is larger and thus the ohmic transport

towards these wires is better because there are more points to the matrix.

Anyhow as indicated in Figure 4.5, the partial lithiation of Li inside the silicon
wires needs more voltage. In the beginning of the first lithiation process, Li ions
have to diffuse into the purely crystalline silicon wire. The covalent bonds of the Si
crystal are stronger than those of the Li-Si alloys. At that interface of the enhanced
cross-sectional area, the bonds have to be broken and activation energy has to be
provided to do that. For thick wires, radial diffusion has to be taken into account as
well as large stress during lithiation. The ions diffuse first to the interface of the silicon
and react there. The already lithiated phase diffuses further into the silicon with time;
but the core remains crystalline. The energy for the covalent bonds of the silicon is

larger than those of the already lithiated phases. The crystal reorientation between
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crystalline and amorphous silicon leads to large volume expansion inside the silicon.
Those expansion of the crystal disturbs further incorporation of ions. Stress upon the
anode structure reduces further lithiation. Especially, for very thick wires only the
outer part is lithiated. Therefore, it is necessary to overcome this additional energy
to transfer the already lithiated phases and incorporate more ions. The part of the
remaining crystalline silicon is larger than in thin wires. This additional energy due to
the diffusion limitation in thick wires is translated in higher lithiation voltages in Peak
1. This is explained by enhanced lithiation induced compressive as well as tensile stress
inside the already lithiated front. This stress scales with the surface area, as explained
in [33, 158, 88| and is inverse proportional to the square of the radius. As indicated,
the stress during lithiation is critical and lead to an accumulation of surface charges
and a large concentration gradient at the interface to the silicon wires. The diffusion
is limited at that point and the additional energy and the stress needs to be relaxed
in order to allow further diffusion. If stress pile up, it might also be that no futher
lithation takes place because the reaction front stops growing. As indicated in the
voltammograms, this is the case only during the first incorporation, intermediate state
between the purely crystalline and the full lithiation state. Of course, this so-called
radial diffusion happens as well with different wire length. But for this model proposed
by [158] the effect surface area i.e. the circumference is necessary when discussing
the interfacial reactions, because the radius as well as the circumference directly are

accounted by this model.

4.2 Chemo-mechanical interactions inside paste

electrodes

In-situ FF'T-IS data are recorded simultaneously to cyclic voltammetry measurements.
All our experimental results with respect to the behavior of individual silicon wires in
a paste can be summarized by three mechanisms: a) the chemo-mechanical interaction
of the silicon wires with the surrounding conducting matrix, b) the SEI layer formation
around the wires and on the matrix and c¢) the charge transfer reactions. The rate
limiting step for these processes is most probably the charge transfer reaction, which
is found to be the slowest process with the largest time constant. Anyhow, the chemo-
mechanical interaction of the silicon wires with the surrounding binding material has

a severe influence on the charge transfer reaction, especially to the cycling stability
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[149, 98, 123, 159, 160]. Therefore, those two correlations are discussed here in detail,
with respect to the different lengths and thicknesses of the individual wires (see Figure
4.6). The dashed and solid lines emphasize the potential change (blue dashed line),
the change between lithiation and delithiation in the current (red dashed line), but
more importantly the green solid line as the peak formation and phase transformation.
Here, only the length variation is discussed. A detailed thickness analysis is performed
in Hansen et al. [125]. Figure 4.6 a) indicates the difference in time constants with
time. Firstly, it is necessary to discuss the fastest time constants 7;. The time constant
shows periodical minima and maxima throughout the measurement, exactly at the
potential scan direction reversal. At the phase transformation, the time constants
either increase or decrease. Looking at the corresponding resistance, it decreases with
time having the highest values during the first cycle. These are strong hints that the
fastest time constant is correlated to the interaction between the silicon wires and the

binder in the surrounding matrix. The polymeric chains of the CMC binder adsorb
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Figure 4.6: FFT-IS analysis of silicon wires embedded in paste electrodes with regard to
different length of the silicon wires. Here, CMC is used as binder material. The dashed
blue line indicate the potential scan reversal. The other vertical lines indicate the individual
phase transformation. In order to clarify the correlation between phase transformation and
time constants, those lines are also visible in the time constant representation. As indicated,
the current time representation is a typical curve resembling the voltammograms in Figure
4.1. In order to simplify these plots, the use of points and lines is avoided. a) Development
of time constants for long wires (75 pm long and 1.4 pm thick wires), in comparison to short
wires 35 pm long and 1.4 pm in b). ¢) It shows the corresponding resistances for the time
constants in comparison to the different lengths [125].
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on the silicon surface and bridges between the individual wires and the carbon black
particles. If the wires expand during volume expansion, they push the surrounding
matrix. Upon delithiation, the wires retract again. The surrounding carbon matrix
does not retract with the same speed as the wires, thus, probably creating voids in
between. The voids do not contain any silicon anymore and create a lateral distance
between the silicon and the carbon. Although the polymeric chains act like "springs"
to mechanically move the conducting network back in contact with the silicon, it
is not possible to close the gap instantly [157, 154, 161, 156, 24]. The difference in
both time constants is evident, but nevertheless the fast process highly influences the
slow charge transfer process. If the gaps between the individual wires and the carbon
black still remain also after repeated lithiation and delithiation processes, they are
not longer connected to the current collector and cannot contribute to the capacity or
in general to the battery performance. Probably a lot of active material is getting lost
due to the interaction between the binder and the silicon wires. This is even more
astonishing since cellulose is known to have the advantage, compared to alternative
binding materials like Polyvinyldifluoride (PVDF), that it forms spring-like contacts
between the wires and the carbon. PVDF, on the other hand, forms only a thin net
around the active material and do not chemically bind with silicon at the surface.
For detailed comparison refer to Appendix A3. The disadvantage of PVDF is that it
swells upon contact with the battery electrolyte, allowing for the silicon wires to move
around the matrix and creating even larger uncovered areas and disconnected wires.
The void formation is enhanced with this type of binder due to the swelling of the
polymeric chains [153, 154, 87, 155, 156, 157, 162].

When comparing the fastest time constants for short and long wires, another
contribution needs to be taken into account. As stated previously all the paste
electrodes contain the same amount of wires. The total surface area is the same in the
different sets of electrodes (for wires with twice the length, the number of wires is N,
whereas for half of the length it is twice the number creating the same total volume
and surface area). Paste electrodes with long wires contain larger areas with pure
carbon black, thus rising the time constant due to an enhanced conductivity. Figure
7?7 shows a cross-sectional schematic of silicon in contact with carbon black, binder
and the electrolyte. Before cycling, the silicon is homogeneously contacted everywhere
to the paste. During cycling, anyhow, voids along different spots at the wires form due
to the volume expansion. The bond between cellulose and silicon is often represented

with springs, that adhere to the silicon. These bonds tend to form again with every
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Figure 4.7: Chemo-mechanical interaction as rate-limiting step inside paste electrodes
identified by FFT-IS. The schematic shows the cross-section of the paste electrodes before
cycling. During cycling, the volume expansion of the silicon wires leads to a void formation
at the silicon surface. The paste cannot retract at the same time with the silicon, leaving the
silicon particles electrically insulated and locally isolated. The binder material CMC acts
like springs around the active material; retracting the paste back to the wires [157, 163, 164].
Appendix A3 discusses the impedance data for different binder materials.

lithiation and delithiation process and still remain attached to the silicon surface.
The periodic minima and maxima in the impedance data indicate that the number of
voids increases. This is evident during the fourth and fifth cycle because both time
constants for long wires increase. Due to the high aspect ratio and its length, the
cellulose tries to cover the complete wire and connect it across the complete area to
the matrix. Especially in the beginning, the time constant shows periodically maxima
and minima, with almost the same height. The minima and maxima occur every time
when the potential is reversed. Such a change in the potential correlates to a large
volume expansion because the physical behavior behind the potential scan changes.
In the fourth cycle, the formation of the maxima and minima seems to stabilize. The
void formation enhances from that moment on. Additional maxima form in this cycle,
exactly corresponding to the partial and full lithiation peaks. This (maybe) sudden
maxima formation can be explained by the reduced influence of the SEI formation.
The SEI is stable at that point, as indicated by 75, meaning that this formation
does not contribute to the silicon/paste interface anymore. The minima and maxima
correspond to enhanced mechanical activity inside the paste and around the wires.
This means that more charges incorporate, more lithiated phases form and enhanced
volume expansion is necessary. The additional peaks in the fastest time constant have
a direct impact in the slowest time constant 73. In cycle four, the additional peaks
appear also here and correspond to enhanced charge transfer inside the anode. More
charges correspond directly to more current output. The peaks of the voltammogram
tend to stabilize with time of measurement.

The next cycle demonstrate the consequence of the void formation on the charge
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transfer process. Both time constants show a large increase, resulting from the
mechanical interaction inside the paste. Larger values indicate slower processes. While
the increase for 71 is only low, the impact on the slowest time constant is rather high;
it increases by a factor of two. It is evident that the adhesion to the current collector
and between the silicon wires has a big influence on the battery performance. The
slowest time constant is directly shown in the same figure, in order to compare both
effects directly. By taking the corresponding resistance into account, the correlation
gets more pronounced: If more material gets lost and disconnected from the matrix
and from the conducting network, the ionic diffusion and incorporation inside the

material will be more difficult as well.

In other words, due to the unexposed areas and disconnected areas, the SEI
layer is likely to be destroyed, which has to be formed again, giving rise to the time
constants because it takes longer to penetrate through a thick diffusion layer. During
cycle four and five, additional peaks appear in the resistance curves which correspond
to the two-step phase transformation. For long wires, the interaction with the matrix
is more pronounced. They are longer and have consequently more contacts to the
surrounding matrix. This contact has to be maintained throughout the lithiation and
delithiation process. As stated in Hansen et al. [125], this is problematic because
the length change of long wires may lead to an even enhanced void formation and
consequently to loss of active material. In order to clarify the consequence of the void
formation, the silicon wires get isolated both electrically and locally (figure 4.7). This
lost silicon cannot contribute anymore to the overall capacity of the battery. Figure 4.8
demonstrates how the charging capacity fades drastically. The galvanostatic charging

curves indicates two voltage plateaus in the first cycle.

The plateaus represent a phase transformation, during which the Li is incorporated
into the Si. If this phase formation is finished, the voltage increases again until the
next phase is starting to form. With increase in cycle number, no plateaus remain
at the expense of the charging capacity. This capacity fading is a direct result of the

disintegration of the silicon paste electrode.
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Figure 4.8: Galvanostatic charging capacity of paste electrodes with silicon wires. With
number of cycles, the capacity fades drastically as consequence of the complete disintegration
of the electrode and the void formation around each single silicon wire.

4.3 Relaxation Phenomena in Si wires

As discussed in the last section, the fundamental investigation of the physical pa-
rameters inside paste electrodes with Si microwires as active material revealed a
size-dependency. The FFT-IS analysis demonstrated how the mechanics plays an
important role at the interface between the silicon wires and the surrounding paste
medium. Void formation is a consequence of large volume expansion during cycling
in a paste with a low elastic modulus of the binding material. This investigation
concentrated on the diffusion and kinetics and is inevitable when analyzing anodes.
To learn more about the relaxation phenomena within the paste, a specially modified

step-voltammetry was performed.

As discussed earlier, constant steps at the phase transformation alter the state of
charge and shows how the system adjusts back to the equilibrium. By analyzing the
transients, relaxation time constants are quantified. Thus e.g. diffusion processes can
be analyzed which have time constants significantly larger than one second (the largest
time constant, which can be analyzed with the FF'T-IS approach is discussed in section
2.7.3). Figure 4.9 indicates when the steps are applied. They are always applied at

the maximum voltage peaks. Jumping from the maximum peak positions to the end
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Figure 4.9: Applied modified step voltammetry and transient measurement. a) The
constant voltage steps are applied directly at the maximum of the voltammetric peaks -
directly at the phase transformations. b) The response of these voltage steps is seen in the
current-time characteristics by current transients. ¢) The current decay can be fitted by an
exponential decrease. The corresponding quality fit x? value is in the order of 10~* [33].

of this peaks shows directly how fast locally a wire can be charged or discharged, or in

other words, how fast Li ions can diffuse into the wire.

Figure 4.10 indicates that the relaxation times are much larger than in FFT-
impedance spectroscopy. It could be explained by kinetic limitations. Slower time
constants would destroy or negatively influence the measurements by pure drift
(diffusion), but like this, it is simply possible to record the (absolute) velocity and
kinetic limitation of the Li ions. For the lithiation Peak 2, for example, the constant
voltage steps jump from the maximum peak position to the end, revealing the velocity
from a non-charged to a charged anode. The process shows the total time constant of
the complete charging process (including faradaic and non-faradaic charging processes).
As a consequence and requirement of step voltammetry, non-faradaic charging currents
decay much faster, compared to the faradaic currents, the sum of the time constants
mostly include only the contribution of the charge transfer kinetics [120, 118, 165, 166].
Summarizing these results, the modified step voltammetry indicates the kinetics of
the maximal amount. Furthermore, from these results, it can be deduced how many
charges per time can be incorporated and how fast this happens. Figure 4.10 shows

the relaxations times for the thickness and length variation of the wires, divided
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Figure 4.10: Relaxation times for wires of different lengths and thicknesses. The relaxation
times recorded with modified step voltammetry are four orders of magnitude higher than
those recorded by FFT-IS. The inset shows the results of the FFT-IS discussed in 4.1.2. It
describes diffusional behavior of the electrode [33].

into lithiation as well as delithiation behavior. As mentioned above, the constant
voltage steps are applied to all four of the peaks and the corresponding current
transients are recorded individually. By comparing the peaks, the relaxation times
have always the same order of magnitude for the partial lithiation/delithiation and
the full lithiation/delithiation. Figure 4.10 a-d) shows the thickness dependency on
the relaxation time. The here discussed characteristic shows surprisingly the smallest
relaxation time for thick wires. With the above explanation that means that for thick
wires the time for the complete charging process might be the slowest. Furthermore,
it indicates that the kinetics for the maximal amount of Li ions inside thick wires
could be the fastest. Taking into account the previous FFT-IS analysis, the contact
formation around silicon wires and the interaction with the surrounding matrix has a
direct consequence on these transient measurements. Whereas the relaxation times
for the thickness variation show always the same tendency, for the length analysis
in Figure 4.10 e-h), 7 increases for the lithiation, but decreases for the delithiation.
Especially, the relaxation time for Peak 1 increases almost linearly for long wires; the

difference is 120 s, scaled with the amount. For Peak 3, the value is almost twice as
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high for long wires. The kinetic processes for wires with varying lengths are much
slower compared to the thickness variations. Also here, the previous discussion can
be considered: the contact between the surrounding matrix and the wires have to be
maintained or established first across a larger local surface area, espacially because
the voids created during volume expansion create additional mechanical loss to the

matrix and thus show an effect on the kinetics.
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Results and Discussion -

Part 2: Array Electrodes

Creating a high performance battery (high C-Rate, high capacity, high energy density
and high cycling stability) requires large amounts of silicon, which is not possible with
paste electrodes due to mechanical disintegration of the paste ingredients. Chapter 5.1
presents a replacement solution for the unreliable paste system: a precise spatially
controlled silicon wire array, where the distance, the thickness, and the length of the
individual silicon wires across a large surface are everywhere the same. These arrays
require neither carbon additives, nor binders, which limit their performance.

In order to fulfill the above-mentioned requirements, it is necessary to understand
what happens at the electrode-electrolyte interface as described in chapter 5.2.
Typically, rate-limiting processes like oxidations and electrolyte decompositions are
found at this interface, often leading to a drastic capacity fading. Although the SEI is
well investigated for graphite electrodes, no detailed information exists for silicon.
Consequently, for the first time, function and formation of a solid electrolyte interface
is analyzed for such high-density silicon anodes. The SEI and its morphology are still
not completely understood and are further investigated by in-situ FFT-IS, Raman
measurements as well as SEM and TEM analysis. In order to understand the influence
of an SEI layer to the cycling performance of silicon anodes, the electrolyte is varied
as the SEI layer is highly depending on the used electrolyte solvents.

Among the tested electrolyte additives and solvents, the evaluation contained
well-known solvents like propylene carbonate from graphite electrodes. In the graphite
electrodes, neither successful cycling nor protective SEI formation was possible.
Instead, a complete destruction followed. Due to the new approach of using pure
silicon anodes (without any graphite), propylene carbonate turned out to be an
advanced solvent. This solvent allowed decreasing the necessary charging time for
a fully charged battery to only twelve minutes (5 C'). Furthermore, the SEI layer
improved its morphology completely. In standard electrolytes, the SEI appears
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wrinkled and rough. With the addition of PC, the passivation layer is smooth, which
is similar to the silicon surface before cycling. This is one of the reasons why fast
charging of the silicon wire anodes is possible.

Another pre-requirement for stable cycling is understood by the systematic analysis of
the SEI layer formation, the cycling parameter as well as the dependence on the state
of charge in chapter 5.1 and 5.2. Silicon wire anodes need pre-conditioning in the
first four cycles during the SEI formation at slow C-rates. Chapter 5.3 shows for the
first time how the wire microstructure changes with varying C-rates using coherent
X-ray diffraction during in-situ synchrotron XRD as well as TXM measurements at
the Stanford University, SLAC, USA.

These measurements revealed that the silicon wires re-organize in a single crystalline
structure in every cycle after cycling. The prerequisite for this is a seed crystal, and
the Si encased in the copper conductor acts as that. Since it cannot expand, it does
not incorporate Li and stays fully crystalline throughout a cycle. This holds for many
cycles if the charging speed is slow (C/10) during the SEI formation. No crystalline
silicon peak could be detected anymore if cycled fast from the beginning at C'/2, too
fast for a stable SEI formation. This indicates that the SEI layer is very important for
the re-crystallization as single crystalline silicon. The SEI layer enforces a constant
pressure from the outside on the individual wires to ensure crystalline silicon.

For most electrolytes, fast C-rates during pre-conditioning results in a thin and rough
SEI. This SEI does not withstand the pressure during volume expansion, leading
to its destruction over time. The pre-conditioning of batteries with the optimized,
PC-containing electrolyte is significantly faster, because the growth of the SEI is
enhanced.

In order to use the potential of the novel silicon anodes and their excellent cycling
performance in full cells, the areal capacity of the cathode material has to match.
Sulfur electrodes fulfill this requirement, but raise new problems. Chapter 5.5 reveals
the problems when cycling silicon with typical ether-based electrolytes used for sulfur
cathodes. Up to now, the silicon-sulfur chemistry in batteries is still new. Sulfur as
conversion material is usually available in its elemental form; not bonded or alloyed in
a solid solution. This calls for complicated chemical reactions like sulfur dissolution,
sulfur precipitations or SEI layers including sulfide groups.

Electrolytes for the anodes cannot be used in combination with sulfur because
carbonates undergo multiple nucleophilic attacks with sulfur. Thus, it would

lead to decomposition reactions before even cycling the battery. This chapter
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highlights the possible electrolytic limitations, like oxygen-containing SEI layers as
well as the accompanied microstructural change of silicon. According to detailed
impedance spectroscopy, it was possible to find an optimal ratio between viscosity
and electrochemical dynamics of the electrolyte, which facilitates the fabrication of

silicon-sulfur full cells.

Another critical point for batteries is their thermal stability in a broad tem-
perature range, discussed in chapter 5.6. Otherwise, internal processes could trigger
a chain reaction leading to thermal runaway. Most types of batteries and their
electrolytes are only stable up to 60°C, but with severe restrictions for the cycling
stability and fast charging capability. Chapter 5.6 demonstrates how the thermal
stability of silicon microwire anodes can be significantly improved. By coating boron
nitride nano-platelets in between the individual wires as thermal coating, it is possible
to cycle these arrays even at high C-rates with applied temperature of 80°C, which is
20°C higher than without.

5.1 Entropy or How Silicon Wire Arrays Perform

The highly ordered Si array anodes, i.e. a closed-packed arrangement of equally
shaped, parallel Si wires, all connected to a copper current collector, tend to reduce
the degree of disorder. The entropy is the most important and crucial parameter in
materials science and engineering. Thus, the extremely small entropy of the anode
directly after fabrication implied an entropy barrier hard to overcome, leading to the
high cycling stability of the anode. Some negative aspects of a reduced symmetry
have been already discussed, when using the same Si wires inside paste electrodes.
The aim of the two completely different electrode types was to evaluate exactly this
symmetry effect and to investigate how paste electrodes work. Inside these paste
electrodes, as discussed, the silicon wires are completely randomly distributed. For
that type of electrode, a chemo-mechanical interaction between the silicon wires and
the surrounding conductive medium is the rate limiting process. The previous chapter
showed not only the difference in symmetry, but more importantly, gave insights into
paste electrodes (comparable to commercial graphite paste electrodes), which help to
analyze common problems. Figure 5.1 shows the cycling performance of both anode
configurations. This comparison indicates how important size, geometry and order in

an anode can be. As described in chapter 3.5, the cycling parameters were improved to
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Figure 5.1: Cycling performance of silicon wires of different assembly (arrays and paste
electrodes). Highly-symmetric silicon wire arrays show a constant capacity of 3150 mAh/g
for large number of cycles (300 cycles). Paste electrodes with silicon wires show a significant
decrease in the capacity by a factor of 30.

have slow cycling in the beginning with C/10 and then increased to C'/2 for the wire
array, according to [149]. Contrary to the array, paste electrodes cannot withstand high
C-rates like this. In pastes, the individual wires are completely, randomly distributed.
During volume expansion, the wires can expand in all directions inside the paste and
are not fixed in one direction like the wire arrays. Those electrodes show a 30-times
lower capacity and need to be cycled slower. This is essential to consider because
the silicon/paste interface changes during cycling. Voids form around silicon wires,
separating the paste from the silicon. The difference can be explained by considering

the in-situ FFT-IS analysis for both configurations.

5.1.1 Comparison of Time Constants from FFT-IS for wire arrays

and paste electrodes

The impedance spectroscopy can directly reveal the most important mechanisms, which
contribute to the difference in cycling performance between the already discussed
paste electrodes and the array electrodes. The proposed mechanisms have a direct
consequence on the performance. Figure 5.2 a) and b) compare time constants
extracted from FFT-IS for identical experiments using identical Si wires in paste

electrodes and in highly-ordered array electrodes. The underlying fitting model as
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described in section 2.7.3 contains one series resistance R, and three parallel RC
elements. Similar measurements applying constant currents and voltages have already
been published by Quiroga et al. [91]. Here, in contrast, several complete charging
and discharging cycles are performed during cyclic voltammetry measurements, while
measuring impedance analysis. The advantage of this type of measurement is to
directly correlate time constants with voltages and phase transformations according to
Figure 4.1. The time dependence always enables the possibility to detect changes of
time constants and processes with time. In the beginning, processes may be dominated
by the SEI formation. Later, the processes show a more direct connection to kinetics
and diffusion. The impedance analysis is fitted according to the same model as for
the paste electrodes, in chapter 4.1.2. It has a series resistance R, in series with three
RC circuits containing parallel resistances R,. The three semicircles in Nyquist plots
(not shown here) correspond to three interfacial effects, revealed in the discussion, see
also chapter 2.7.3. Paste electrodes as well as wire arrays use wires of the same length,
and having 1.2 pm wires. Here, only the basic difference between both configurations

are discussed.

As a reminder, the most important properties of wires embedded in paste elec-
trodes, previously revealed by FFT-IS, is the void formation around the wires due to
a strong interaction between the electrolyte and the binder, especially during volume
expansion. These voids (see Figure 4.6 and ??) form pre-dominantly around long
and thick wires. Figure 5.2 b) shows again all three time constants. As they have
been discussed in detail in section 4.2 as well as in [125], the discussion here focuses
on the comparison.The geometry of the wires (or, in general, of the active material
inside paste electrodes) is important for the amount of free volume around the wires.
They form as a result of the change at the interface between silicon and the paste.
The paste contains a polymer binder CMC. The functional groups (OH-bonds) of the
binder adhere to the wires and form a chemical connection between the paste and
the silicon. During volume expansion, this interface changes: The wire expands to
every side homogeneously, pushing the matrix away. Enhanced void formation around
long wires means that all along the wires surface area voids are formed. These voids
lead to a disintegration and disconnection to the conducting paste. The ions have
problems to incorporate into the wires. Under those conditions, the polymeric chains
have no time to retract in time. The retraction of the paste to the wire is necessary to
keep all the wires in contact to guarantee high percolation and still guarantee a good

adherence to the current collector. A lack of adherence means loss of active material,
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which negatively contribute to the capacity. But it is not enough to consider only the
extrema, like long and thick wires, as the best geometry for an electrode. It is also
necessary to consider additional effects, discussed in this chapter. In contrast to the
paste electrodes, silicon microwire arrays do not need any non-active binder material.
These anodes exhibit exceptionally high capacity during long-term measurements. The
following discussion describes the performance of the wire arrays and points out why
highly-symmetric wire arrays, like we produce them, show extraordinary performance.
In this discussion, not every small parameter is revealed. But during the thesis, the
processes seen in this early FFT-IS analysis are understood. The discussion mainly
concentrates on revealing the differences between both configurations. At first glance,
every time constant is larger by at least a factor of two. This can be explained by the
different structure itself. In the following, the details about the different processes are
discussed in detail. In correlation to Quiroga et al. [91] and Hansen et al. [125], 7
represents the conductivity of the electrolyte, 7 is correlated to the SEI formation
and 73 corresponds to the charge transfer process. For the array electrodes, the first
time constant 71 corresponds directly to the influence of the electrolyte i.e. ionic
conductivity on the silicon/electrolyte interface. This time constant shows how the
electrolyte reacts with the wire. In further discussions, this time constant becomes
more important in order to obtain even higher cycling performances. Together with the
second time constant, they give clear information on how the SEI forms and how the
electrolyte influences that formation. In paste electrodes, the effect of the electrolyte
is always buffered due to the addition of non-active material and conducting agents.
The electrolyte reacts first with the additional material and only indirectly with the
wires, changing the silicon/electrolyte interface. Inside paste electrodes, there are large
interconnected carbon sections, which contribute with higher electronic conductivity
to faster time constants at the anode/electrolyte interface. 7 for the array shows a
stabilization as well, here already after two cycles. The over-all appearance of this
time constant stays similar in both systems, though. The height and amplitude of the
minima and maxima stays constant over time, after the stabilization. The difference
lies in the development of the additional maxima. For pastes, those maxima came up
late in the measurement during the fourth cycle. They correspond on the one hand to
the scan reversal from 20mV to 1V, but they result also from the lithiation. The peak
at 54 minutes is translated in a major increase in the time constant 7, and 73. This
increase in the time constant is very pronounced for the array configuration because

the SEI has to be formed over large surface areas without any additional material. It
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Figure 5.2: FFT-IS analysis of silicon microwire arrays. In order to compare the results,
the used wires in both configurations have the same length. The three time constants
correlate to different processes. The similarities in time constants and processes are discussed
during detailed discussion

contains only silicon wires. The electrolyte can flow to every area through and around
the wires and everywhere the SEI has to be formed. At every phase transformation, a
new maximum forms in the time constant slowing down the SEI formation until the

SEI formation is stabilized.

The trend in both 7 and 7 is coupled with the dissociation and decomposition
of the electrolyte and the first reactions with the fresh silicon (which was never in
contact with the electrolyte before). The answer of this behavior is displayed in the
non-stable trend in both time constants. Additional maxima and minima form, as
the result of the individual components decomposing, changing the ionic conductivity
inside the electrolyte. Those tendencies seem to stabilize after the stabilization at the
interfaces. Like in the paste electrode system, the third and slowest time constant
represents the charge transfer process inside the wires. The increase around the phase
transformation results from the volume expansion of each wire. As stated before, the
volume expansion is laterally pinned in one direction. But still the SEI forms which
makes it harder and is slowed down if the thickness of the wire increases parallely.
During that formation when it is not stabilized it is possible that the SEI is not stable

and breaks. Only until it is stabilized, it stops growing. The stabilization is reached
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when the time constant keeps constant. 73 represents the slow charge transfer process.
The trend is similar for both electrode configurations. For the array, they are just
much slower, which reflects the difference in the charge transfer mechanism. Exactly
at the peak positions of the voltammogram, the time constant shows local minima.
Directly before these minima, the process is much slower. It reflects directly the
incorporation of Li ions into the silicon structure. During the first cycle, the process
is still slow because the crystalline silicon is in contact with the electrolyte for the
first time. Additionally, it is still crystalline silicon. The activation energy for the first
lithiation processes are higher than for the later on incorporation. A concentration
gradient of Li ions induces pressure on the wires in the beginning of the formation of
lithiated phases. This is seen in the time constants with the slow time constants in
the beginning. As the lithiation proceeds, it gets easier with time. In this thesis, the
lithiation problem will be discussed in more detail, taking the function of the SEI into

account.

Additional peaks appear with time because the delithiation becomes more pro-
nounced with cycle number. More charges get incorporated and removed. Charge
transfer is accompanied with high volume expansion. The array system is perfectly
symmetric. The charges can directly and only incorporate into the wires. The charge
transfer is kinetically not limited by additional carbon like for graphite electrodes for
example. For that, the additional graphite lithiates partially as well. The signal from
this time constant is influenced by this contribution as well. The incorporation of
the ions and alloy formation is not only limited to one potential. Although the peaks
form at that potential, the system changes constantly and especially around the two
step lithiation or delithiation processes. The ions have to find their way through the
structure and this is constantly. Therefore, the time constant is always a bit higher
around the phase transformation peaks. In this time constant, the order or symmetry
of the electrode is also reflected directly. The charges in this array have to incorporate
from every direction over a large surface area, slowing down the processes. This slow
process corresponds to an entropy minimization. This entropy minimization helps to
incorporate the ions without additional influences or additional activation energy to

form the alloys.

A very decisive difference is the increase of the time constant after the third cycle
for the paste electrodes. That does not happen for the array electrode. As already
discussed, the increase is a consequence of the high disorder of the wires in the system.

Because they can expand in the matrix to every side. The ions can also incorporate
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from every side. But the void formation around the wires leads to active material
loss with time. They create more disorder in the anode i.e. the entropy increases. An
increase in entropy disturbs the equilibrium in such systems shifting the incorporation
potentials and making the phase transformation harder. The disintegration of the
electrode is a consequence of the missing mechanical stability of the electrode. For
the array system, the charge transfer is established and on-going. This results from
the geometry and mechanical stability of the electrode. Due to the high mechanical
stability of the integrated copper no wires are lost; all the active material stays intact
and the charge transfer process is stable. This fact leads to high cycling stability
of over 300 cycles. This FFT-IS revealed that the electrode configuration plays an
important role in the discussion about performances. The cycling test revealed the big
difference. The three time constants showed that they add up and influence themselves.

Therefore, it is crucial to discuss all the contributions to performances separately.

To sum up the performances, if the C-rates for paste electrodes is reduced by a
factor of four (C/40), the void formation might be limited because the system may
have time enough to cope with the different material influences and the SEI formation.
At high C-rates, the incorporation process is superimposed by the influences of the

matrix and the interaction i.e. the non-faradaic effects during cycling are too high.

Only if the SEI is allowed to form homogeneously around each wire, reliable
and stable performance is guaranteed. Because this parameter is very important and

crucial, it is discussed in even more detail in the next section.

101



Chapter 5 Results and Discussion -
Part 2: Array Electrodes

5.2 Role of the SEI - Electrolytic Influence on Charge

Transfer

As discussed in section 2.5.3 and 2.6.1, the electrolyte as well as the SEI layer
are essential for anodes in Li-ion batteries and it is even more important for the
silicon microwire arrays, as discussed further in this section. The electrolyte has very
important properties and plays the most important role facilitating electronic and ionic
transfer processes only realized in good conducting media [114]. The decomposition
and transfer reaction of the Li ions happen at the electrode/electrolyte interface.
Therefore, it is essential to investigate the electrolyte influence on the SEI layer and
on the silicon microstructure. The standard battery electrolyte Selectilyte LP 30 is a
multi-blend electrolyte composed of different carbonaceous solvents, namely ethylene
carbonate (EC) and dimethyle carbonate (DMC) (in a 1:1 ratio, with 44.1wt. %),
provided by BASF. As previously described, this electrolyte is the “working horse” in
the battery technology, but not the only available electrolyte. This section describes
the influences of an electrolyte by changing the different solvents and discusses their
influences on the interaction with silicon. It is necessary to remember that the SEI
layer is a passivating layer forming during battery cycling due to the decomposition
of the electrolyte. Thus, it is not sufficient to concentrate the discussion only on the
(initial) solvents, but more importantly, on the interaction of the already decomposed
and aged solvents with the silicon surface. With the aid of a long-term experiment
illustrated in Figure 5.3, the limitations of this standard electrolyte, mentioned above,
are emphasized. As previously reported in [149, 91|, the wire arrays have an areal
capacity of 4.25mA /g and under the correct C-rate conditions (C'/10 and C'/2), it
shows very high capacity of 3150mAh/g. The capacity is limited to 75 % of the SOC
of silicon, that is very high for the high amount of active material inside the anode.
The capacity remains stable for 300 cycles. This is an exceptionally high value for the
capacity. In comparison to commercially available graphite electrodes, the C-rates for
this silicon array system are much higher than that for graphite. For example, C'/10 in
this system translates into 5 C' for graphite electrodes. That means that silicon wires
have to withstand much higher stress, strain and more importantly currents during
their charging process compared to graphite electrodes. The wires here in this thesis
are 70[pm] long and still have to withstand high currents, whereas graphite is only
a layered structure and cannot withstand high currents or C-rates without complete

exfoliation. Still the silicon anodes of this thesis are able to last 300 cycles. Looking
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closer at the SEI layer, it forms completely homogeneously around each wire. It
expands with the wires, but it is not destroyed during cycling. If on the other hand the
SEI layer broke, new reactions would occur at the interface to silicon leading to possible
micro-structural changes, as discussed later on. Anyhow, as will also be discussed
later on, the homogeneous coating of the SEI layer is not alone the key parameter or
successor of the high capacity. Figure 5.3 shows two limitations: a) at larger cycling
numbers > 400, the capacity fades. The reason might be either dendrites forming or
that the stresses on the wires accumulated during the over-all 400 cycles and that they
start to degrade. This might be a result of the amorphization process. With ongoing
amorphization process, it is known that there forms a sharp edge between amorphous
and still crystalline silicon leading to a phase separation of the SEI layer and the
already lithiated phase from the silicon wire. This is further discussed in 5.3. The inset
in Figure 5.3 illustrates another limitation. It indicates the first cycles. During those
cycles, the SEI forms. The formation of the SEI means a disturbance for the battery
i.e. for the electrochemical system that expresses in series resistance losses during the
first cycles. The irreversible losses are very large during these cycles. Nevertheless,
it is not clear how they form and why. Therefore, the following section concentrates
on the modification of the already existing standard electrolyte and discusses the
consequences on the SEI layer and the cycling performance. It also emphasizes another

problem when cycling the silicon anodes in standard electrolytes.

5.2.1 Propylene Carbonate (PC) as additional cyclic carbonate

As shown in Figure 5.3 as well as in [92], silicon microwire array anodes show supe-
rior cycling behavior with standard, non-aqueous EC-DMC electrolytes, as already
mentioned above. They show long-term stability, but suffer from irreversible losses at
the first contact with the electrolyte during the first cycles. Those losses may add up
to more than 70 %. The losses stabilize once the electrolyte decomposes completely
and forms a stable SEI layer around the wires. Or expressed differently, once the
interaction between the silicon surface and the decomposition products stabilize, the
losses reduce. Anyhow, this process has a consequence on the cycling performance. If
the stabilization of the SEI layer is not guaranteed for high C-rates, the wires are either
destroyed or the anode cannot reach its full potential [92, 24, 167, 168]. Additionally,
the anodes cannot be charged faster than within an hour. Faster C-rates lead to
destruction of the highly-symmetric wires due to the high pressure. The question arises

what the reasons behind these losses or restrictions are, for example, either diffusional
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Figure 5.3: Long-term cycling experiments silicon microwire arrays with standard non-
aqueous multi-blend EC-DMC electrolyte Selectilyte TM LP30 (BASF) for 500 cycles. The
high capacity of 3150 mAh/g stays for over 300 cycles. After that the capacity fades by 20 %
and is still higher than comparable electrodes. The wires in this array configuration have a
length of 70 pm. The inset shows the first cycles. The discharge capacity slowly increases
and therefore the irreversible losses in this region are rather high (70 %).

problems or ohmic losses occurring with time. In order to commercialize the anodes,
the charging and discharging rate should be as fast as possible without destroying the
anode. Electric vehicles need anodes with even higher areal capacity, like 12mAh/cm?
for start-stop applications with high power output. This is an increase by a factor of
three. In order to reach this goal, the length of the wires has to be increased further,
which has an impact on the battery. A battery can only work if a correct combination
between active material, current collector and especially electrolyte is established. For
this systems with higher areal capacity, the amount of electrolyte has to be increased
in order to guarantee a charge transfer. More electrolyte means additional weight for
the complete battery pack and consequently higher prices. This impact can only be
minimized if a) the silicon/electrolyte interface and the formation is understood very
well and b) the diffusional problems are minimized (or at least understood). This
calls for a new design of electrolytes by evaluating the electrolyte properties like ionic
conductivity and viscosity. The ionic conductivity plays an important role at least for
anodes with high areal capacity. Otherwise, the system will impoverish and no ions

can flow.

In this thesis, the electrolytic influence on the cycling behavior is investigated
by adding different solvents to the standard electrolyte. This section discusses the

electrolyte influence on the diffusion, demonstrates how the SEI layer forms and
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demonstrates the different nature of solvents on the silicon/electrolyte interface.

Propylene Carbonate (PC) has been studied as standard electrolyte additives for
graphite electrodes for years. With its low melting point, but high flash and boiling
point, it is a well-known fact that it is a good candidate for temperature applications
of batteries [77], where it adjusts the necessary electrolyte properties. Nevertheless,
for graphite, PC leads to enhanced exfoliation by intercalating into the layers and
destroying graphite [77, 169, 170]. Therefore, this type of additive is no longer used for
cycling graphite electrodes. Furthermore, PC is also not used when cycling standard
silicon and carbon paste electrodes. Hence, due to the chemical degradation of the
PC in combination with the carbon, it leads to a well-known degradation process of
silicon as well. Consequently, this additive is no longer used in silicon and/or graphite
electrodes [171]. The reduction mechanism of PC leads to a pronounced formation of
LiF as well as HF, which leads to a common pulverization of silicon electrodes. The
chemical structure is very similar to EC, which is already included in the electrolyte.
Due to the well known stereoisomerism of PC, this cyclic carbonate is chemically very
interesting for the electrolytes because it tends to increase the ionic conductivity inside
the electrolyte. Unlike the standard silicon and carbon paste electrodes, the silicon
wire array (in this thesis) do not use any additional carbon or graphite and thus this
additive is used here to modify the intrinsic properties of the electrolyte [172, 173].
This thesis demonstrates the impact of this additional cyclic carbonate to an already
existing alkyl carbonate electrolyte by changing the composition of the electrolytes.
As a consequence, the influence on the long-term cycling experiments for silicon are

evaluated.

Additional 5wt. % of PC is added as co-solvent to the already existing electrolyte
combination EC-DMC (0.5M PC solution). In order to check for the electrolytic
influence on the cyclic performance, the anodes are cycled with different C-rates
ranging from the standard slow C-rate C/10 to fast charging of 5 C. Each C-rate
is tested for five cycles in a first experiment. After the fast charging, the C-rate
is decreased again to the value in the beginning, to check if fast charging damages
the electrode irreversibly. Figure 5.4 shows the results of the cycling tests with PC,
in comparison to the standard (EC-DMC) electrolyte system. The capacity stays
constant for every C-rate, as well as for 5 C' - 12 minutes charging is possible. Due
to the high symmetry of the wires, 5 C' translate into 35 C' for comparable graphite
electrodes. The currents, the wires have to withstand, are very high and nevertheless

they cope those stresses without collapsing. Compared to the standard EC-DMC
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Figure 5.4: C-rate dependent cycling with 5wt. % PC electrolytes. Every C-rate is tested
for five cycles. The low C-rates are found to improve the stability of the SEI formation.
15 times higher C-rates allow charging and discharging the battery in only 12 minutes,
without destroying the electrode. The comparison with the standard electrolyte system
shows the significance of this additive. Without adding this cyclic carbonate to the system,
fast charging was not possible.

system, the capacity decreases if the C-rates are higher than 1 C' [91]. As visible in
Figure 5.4, with PC as electrolyte additive, it is possible to achieve stable cycling with
five times higher capacities and at the same time be ten times faster. Additionally,
the irreversible losses decrease drastically in the first cycles during the SEI formation.
Further improvement of this electrolyte showed only 25 % irreversible losses during
the first cycle, reaching already a capacity of over 2300 mAh/g. This is an increase in
capacity by almost a factor of two, compared to the standard electrolyte. Postmortem
SEM as well as EDX analysis in Figure 5.5 and 5.6 show the elemental composition of
the anode and SEI layer after cycling. As mentioned above, the SEI is a crucial factor
for the performance of the anode. The SEM images in Figure 5.5 show typical SEI
layers around cycled silicon wires with PC additives. The SEI covers homogeneously
the wire, as for the EC-DMC system [149]. Particularly, the morphology of the SEI
changed. The passivation layer seems to be porous, having small holes on the wires
surface. The pores are integrated into the layer (are part of the layer) which stabilize
the structure during the volume expansion of the wires. This indicates that the
expansion of the wires, which are covered with a porous and flexible network is easier
in comparison to a thick dense layer. If the layer is dense during volume expansion
it could form cracks and openings to the silicon material underneath the SEI layer.
Another advantage could be easier diffusion of the ions into the silicon wires. The SEI

has different mechanical properties compared to the standard system. As mentioned
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Figure 5.5: Postmortem SEM analysis of high performance array electrodes cycled in
5wt. % PC. The SEI is penetrated with pores which enables higher charging and shows
elastic mechanical behavior of the passivation layer. ¢) With increased PC concentration,
the flexibility is lost and the meshes are covered. d) In contrast to the very smooth, but
semipermeable SEI layer in the case for PC electrolytes (a), here, the SEM image indicates
a very rough surface in standard electrolytes.

the irreversible losses are reduced in this modified PC electrolyte. Those losses are

directly correlated to the SEI formation.

EDX reveals carbon and fluorine on the silicon surface. The amount of carbon is
increased compared to the standard EC-DMC system due to the increase in carbonate
reduction. The amount of fluorine in the solution or on top of the Si wires decreased.
Fluorine ions are a result of the decomposition of the LiPFg salt. The reduced amount
of the fluorine ions gives hints about the reduction mechanism of the PC. In order to
understand the PC reduction (electrolyte reduction) after cycling, postmortem Raman
spectroscopy was performed for different stages and types of electrolytes, which will

be discussed even further during this thesis (refer to section 5.2.3.1).

In order to investigate the influences on kinetics and diffusion in more detail,
voltammetry measurements are performed. Figure 5.7 a) shows the voltammetric
results with 5wt. % PC. The lithiation behavior is very stable, the current increase
with cycle number is negligible once the SEI is formed (indicated in Figure 5.7 a), cycle

2 to 5). As it is well known, the area underneath the peaks can give strong hints about
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Figure 5.6: Postmortem EDX analysis of high performance array electrodes cycled in
5wt. % PC. The spectra show an increase in fluorine on the surface of the silicon wires. The
core of the silicon wire is still crystalline and not oxidized after the cycling.

the diffusional behavior i.e. the velocity of the diffusion. This is supported by the
change of the peak shape (always in comparison to standard EC-DMC electrolytes).
For PC electrolytes, the peaks become very broad. Consequently, these results may

be interpreted as slow diffusional processes [120, 118].

With increased PC concentration up to 50 wt. %, the shape of the voltammogram
changes. As indicated in Figure 5.7 b), the current increases with every cycle. Com-
pared to 5wt. % PC, the peaks become very narrow. During cycle 3, the delithiation
peak current increases. The partial delithiation peak diminishes over time. This
behavior resembles a peak overlap. The base of both delithiation peaks is the same.
All of the lithiation as well as delithiation peaks are very narrow. This is a strong
indication, that the diffusion of the ions in the high concentrated electrolyte is faster.
The ions are very mobile and want to incorporate. This resembles the case for fast
sweep rates and could be correlated to faster diffusion. It might be interpreted as a
kinetic limitation for the structure, which cannot accommodate the high pressure due
to faster diffusion. This is also indicated in the peak shift. As discussed earlier in
chapter 4, a peak shift during voltammetric experiments may indicate kinetic changes
during cycling. With high PC concentration inside the electrolytes, the experimental

results show a peak shift for the delithiation process to higher potential values. This
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translates directly to higher voltages to remove the ions from the structure. The same
holds for the lithiation. More voltage is needed to incorporate the ions into the anode.
When comparing the first cycle of the low and high PC concentrations (Figure 5.7),
an additional peak arises, which is usually attributed to the SEI formation. At high
concentrations, anyhow, not only one peak appears, but two peaks. The latter gives
first indications of the electrolyte reduction mechanisms at the interface. This type
of peak depends on the electrolyte potential. For the standard electrolyte, it occurs
between 0.7V and 0.8 V. In this case, it could be a result of the excess reduction of
PC.

If the PC concentration increases (Figure 5.5 ¢) the morphology of the SEI layer
changes again. The meshes are no longer visible, indicating a possible saturation of
the decomposition products or the formation of additional components, which are
accounted for the roughness change of the SEI layer. Raman analysis indicated even
unreacted PC molecules remaining after cycling. Only a limited amount (like in
the case of 5wt. % PC) seems to be enough to promote the elasticity change. The
postmortem SEM analysis in Figure -d) already indicated, how the morphology of the
silicon wires change with increased PC concentration. A thicker SEI layer was formed
and the meshes seen by only small amounts of PC are no longer visible. It might
be that new layers of decomposed PC deposited on top of the already existing SEI
layer. This alters the mechanical properties of the SEI layer. It may become more stiff
and cannot accommodate the fast volume expansion of the anode at 5C. In general,
the SEM images show the same morphology of the SEI layer. It is obvious that the
meshes of the net are fully covered due to the enhanced PC concentration. The gap
between the wires is completely covered with the electrolyte products, limiting the
volume expansion more than it is comforting the mechanical stability of the wires.
The electrolyte might become unstable; the internal reactions between PC and the
lithium salt LiPFg dominate [174]. Those reactions change the silicon/electrolyte
interface. Contrary to the low concentrated electrolyte, the PC does not contribute to
the mechanical support of the wires anymore. Due to the correlation between the ionic
conductivity and the diffusion coefficient, the change in the electrochemical behavior
recorded in the experiments may be interpreted as faster diffusion. Nevertheless, at
this point three reactions take place simultaneously. Due to the faster diffusional
processes as reaction of the enhanced ionic conductivity, an enhanced reaction between
the silicon and the electrolyte takes place. This phenomena is counteracted with

the increased chemical reaction between the lithiated surface of the silicon and the
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Figure 5.7: Voltammetry results with varying PC concentration in the electrolyte. a) The
voltammogram for low PC content (5wt. %) shows stable and reversible lithiation as well as
delithiation behavior. With increasing amount (50 wt. %) of PC b), the delithiation behavior
is dominant and the diffusion increases due to the increased reduction reaction of PC.

dissociation/reduction products of the PC which effects the SEI on the surface of
the wires. With increased PC concentration, also refer to 5.2.3, the capacity shows
repeatedly a wavy-like fluctuation during cycling at 5 C. The capacity is not stable
at 3150mAh/g, but reduces to maximal 1000 mAh/g. In summary, the maxima and
minima in the capacity result from the opening and closing of the SEI layer. Due
to the very fast charging as well as discharging process, the stress upon the wires
exceeded a critical value upon which the SEI layer broke. This leads to a capacity
fade. When the SEI grows again, it closes the gaps like a band-aid; thereby increasing

the capacity again.

5.2.2 Linear Organic Solvents

As shown in the last section, additional cyclic carbonates inside the electrolyte change
the structure of the SEI layer, allowing an increase in C-rate by a factor of 10. This
section summarizes the influences of linear solvents, either ether based or carbonate
based linear solvents. Usually, they are added to the electrolytes to influence the
melting as well as boiling point of the electrolytes, simultaneously reducing the viscosity
of the electrolytes. The investigated solvents include also typical sulfur electrolyte

solvents like dimethyl ether (DME) as well as Tetraethylene glycol dimethyl ether
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(TEGDME). This section contains only an excerpt of the complete analysis of the linear
solvents. Another part of this analysis is postponed to the electrolytic analysis for the
full cell compatibility. The direct comparison of all the tested ethers or carbonates is

summarized in Figure 5.8 in their voltage curves, always in relation to high C-rates.

The individual differences are directly seen in these cycling tests. Thus, it is
evident that using electrolytes composed of only linear solvents is not sufficient to
allow fast charging processes. Further discussion of the used solvents will indicate the
electrolyte properties and will allow to better correlate these results. When comparing
the analyzed solvents DMC, DEC and DME, an essential difference can be concluded
(Figure 5.8 a): a) With this type of electrolyte, the predefined voltage limitation is
reached too early. As a consequence, the capacities are limited. Following this, the

internal resistance increases drastically, and superimposes on the irreversible losses.
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Figure 5.8: Detailed solvent investigation depending on C-rates based on the capacity
vs. voltage curves during cycling. a) It describes the cycling performance inside EC-DEC
electrolytes and indicates the limitation. From the course of this plot, it can already be
deduced that the lithiation is not a two-step process. There is no plateau, but instead
the voltage decreases exponentially. b) The summary with varying ethers and carbonates
indicate the reason behind possible electrolyte depletion behavior in TEGDME electrolytes.
The low viscous medium together with other electrolyte limitation leads to a severe loss in
the first six cycles, combined with a disturbed SEI formation. c-d) Both figures describe the
exceptionally good performance at high C-rates with the addition of PC and DME to the
electrolytes.
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DEC leads to a completely different chemical and structural behavior, compared to the
others, especially during the SEI formation process. Cycling experiments show that no
stable SEI formation is possible, which has a direct consequence on the capacity fading
throughout the measurements because the irreversible losses were high throughout the
experiment. Postmortem TEM as well as Raman spectroscopy indicate the structural
change of the silicon wires, when exposed to DEC electrolytes. The wires start to be in
an "intermediate" state between crystalline and completely amorphous [175]. Locally
at the interface between the silicon wire and electrolyte, the chemical decomposition
reaction of this type of electrolyte leads to an exothermic reaction due to the enhanced
OH-groups inside the electrolytes and subsequently to an enhanced, local oxidization
[176, 177, 178]. The capacity-voltage curves indicate a switch from galvanostatic
into the potentiostatic state already below 500 mAh/g in the third cycle, which is
unusual for cycling silicon wires. It is necessary that the galvanostatic mode is longer
active, in order to reach high capacities. The capacity does not stabilize anymore,
especially at high C-rates. As indicated, DEC partially oxidizes the silicon wires
and leads to structural re-orientation and partially amorphization leading to a lack
of mechanical stabilization of the free-standing anode. Figure 5.8 b) shows another
comparison between TEGDME, DME and a mixture of DOL and DME (like it is
standard for sulfur electrolytes, [179, 180, 181]). It indicates the limitation of the
glyme electrolytes (TEGDME): During charging this electrolyte, it reaches the voltage
limitation already at 1000mAh/g, whereas the other solvents can be cycled up to
3000 mAh/g, without reaching this limit. This means that the internal resistance is
too high for the battery and needs higher voltages with every new cycle to push the
reaction forward. Problems when cycling TEGDME are a direct consequence of the
low viscous fluid, which is even more diluted with the addition of DME inside the
electrolyte. TEGDME is a standard solvent additive for Li-S or Li-Air batteries. This
low viscous medium around the silicon wires leads to an electrolyte depletion and
consequently to a disintegration of the silicon wires. In direct comparison, TEGDME
with its low viscosity cannot transport a lot of medium while the ions are diffusing
to the wire interface, thus producing high amounts of losses, as indicated, with an
average loss of more than 60 %. As indicated in the thesis, the higher the viscosity
during SEI formation is, the lower the losses. DOL enhances the reaction due to the
cationic polymerization reaction at the interface to the wires, reducing the losses in
the beginning. Concluding this investigation, when changing only the linear carbonate

inside a standard, non-carbonaceous electrolyte, no cycling stabilization, especially at
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high C-rates, could be observed. Only when adding the additional PC, the reaction
inside the electrolyte could allow faster C-rates during charging, thus, stabilizing the

electrolyte.

5.2.3 FFT-IS Analysis of pure electrolytic systems (electrolysis)

With a modified and novel FFT-IS measurement technique, the electrolyte as well as
the SEI formation could be analyzed without the need of a silicon electrode. This
measurement may be considered as electrolysis. This measurement is designed to
eliminate all the disturbing influences and interactions, like transport phenomena
through the silicon wires, between the silicon-electrolyte interface or the copper-
electrolyte interface. If the active material is still inside the battery, the SEI forms due
to the interaction with the silicon wires. It is possible that some reactions are slowed
down or even triggered because of the reactive interface with silicon. This analysis is
done as well, but only after being able to differentiate the measured impedance data
for the silicon from the influence of the pure electrolyte. By using inert electrodes for
examining the electrolytes, an artificial SEI layer forms on top of these inert electrodes.
Thus, the impedance data is not falsified by the individual interactions with the
silicon and is a pure result of the dissociation and reaction between linear and cyclic
carbonates. With detailed knowledge about the electrolytes and their behavior, it is
possible to understand the previous battery performances and if necessary adjust the

electrolytes.

In order to understand why and how the PC addition to the electrolyte leads
to this drastic performance increase, it is analyzed with the FFT-IS analysis always
in reference to the standard, carbonaceous electrolyte Selectilyte LP 30, indicated in
Figure 5.9 by the pre-dominant functional groups EC-DMC. Here, the focus is only on
the series resistance Ry, representing kinetic transport processes at high frequencies
(20 kHz). Figure 5.9 a) shows the series resistance of both electrolyte systems. The
first part (up to 600 minutes) is the first cycle of the cyclic voltammetry measurement.
During this electrolysis, LiPFg dissociates into Li*™ and (PFg)~. The (PFg)~ dissociates
further into (PF5)~ and reacts either with the linear carbonates or, which is most
likely under ring opening with EC. It is well accepted, that EC reduces according
to the one-electron transfer reaction [171, 116, 77, 182]. This dissociation is followed
by a viscosity change with time. Principally, the dissociation is similar in all of the

three investigated electrolytes, because they contain all the same base electrolyte. The
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Figure 5.9: FFT-IS-Electrolysis of battery electrolytes. The series resistance during this
measurement is characteristic for each electrolyte system. a) It shows in a comparison the
different electrochemical dynamic of the electrolytes. The average slope can be extracted by
fitting the curve to straight lines using multiples of full periods. Thus, probably the slope of
the linear fit in the first region can be attributed to the viscosity of the electrolyte. The
changes of the slopes b) for each electrolyte are plotted in dependence of the calculated
(literature values) viscosities. ¢) The schematic shows the occurrence of the amplitudes in
the series resistance. The maximum indicates how the Li ions diffuse towards the wire during
lithiation and carry electrolyte material. During delithiation, the ions carry some with them
leading to a thin SEI layer [98].

addition of PC changes the electron reduction reaction to a two-electron reaction,
leading most probable to different reaction products [116]. Anyhow, the first part
differs in its slope, indicated by a linear fit (Figure 5.9 a). For the standard EC-
DMC system, the linear fit is almost parallel to the x-axis with a very small slope
(mec—_pmce = 0.000069). Although the ionic conductivity should increase with the
addition of PC [77], the series resistance increases. The offset in Ry is larger compared
to the standard electrolyte as well as the slope of the linear fit of the first cycle (by a
factor of 35). For the DME system, the slope is even slower than the standard system
(mpye = —0.00146). Figure 5.9 b) shows exactly this linear fit. PC and DMC are not
the only solvents under investigation. When taking all investigated solvents (linear
as well as cyclic carbonates, ether and esters) into account, a clear correlation to the

individual viscosities during cycling could be made. In order to support this theory,
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literature values for the viscosities of each solvent component [180, 94, 95, 113, 162]
are used in order to calculate the total viscosity of the examined electrolytes. This

calculation is based on the Walden rule and on equation 5.1 [180]:

_ l_zsolvent,Q Tsolvent,2
TNelectrolyte = Tsolvent,1 * Nsolvent,2 1 (51)

where 7, are the viscosities of the pure solvents, z,, the molar fractions of the solvent
compositions i.e. ratio between the solvents inside the electrolyte. The results of this
calculations are indicated in Figure 5.9 b). The fit corresponded perfectly to the slopes
of the impedance data, demonstrating the correlation between the viscositites and the

series resistance in the beginning of the electrolysis.

What does this mean now for the electrolytes? In general, viscosity is a synonym
for the resistance of a particle (ions in this case) to move. It is a force perpendicular
on a system or particle diffusing through the electrolyte, upon shear stress. While
diffusing from point a to point b, it carries material with it, depending on the viscosity
of the surrounding medium. A particle would carry more material, if the viscosity
increases, as in the addition of PC. In the case for the Li ions for the battery electrolyte,
the ions diffuse through the electrolyte and to the silicon/electrolyte interface, where
the passivation reactions take place. For higher viscous electrolytes the ions carry
more material to the interface, forming a different, more elastic SEI layer. There,
an enhanced reaction between the ions, the dissociated solvents and silicon takes
place. This influences the morphology of the SEI and consequently the measured
series resistance. Both curves increase after 600 minutes. For the standard system,
the curve continues to increase periodically with a large amplitude in series resistance.
This is indicated in the Figure 5.9 a) by the infinity sign. When adding PC to the
electrolyte, not only the slopes change, but the second part changes as well. The
total amplitude of the series resistance increases. But in contrary to the standard
electrolyte, with time this electrolyte reaches a steady-state. This steady-state means
that the electrolyte is not continuously decomposed. A continuous decomposition
or dissociation of the Li salt would maybe lead to an even higher increase in the
series resistance, as supported by measurements of an electrolyte, which is already
decomposed (Appendix Al). Considering the applied voltage characteristics as well
when looking at R, the amplitude modulation could be explained by the transport
process with respect to the viscosity. The maximum of the series resistance curve
(in the last region) is the part, where the Li ions incorporate into the silicon wires.

Like discussed previously, if the Li ions diffuse through the electrolyte towards the
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silicon-electrolyte interface, it takes material with it, which is deposited at this interface.
Exactly this behavior is represented here in this transport resistance. The minimum
of the amplitude is attributed to the opposite. If the Li is extracted again from
the silicon anode, material is removed from the interface, when the wire contracts.
Thereby, the solvation shell and the SEI layer is thinner because the surface area is
getting smaller. Due to the fact that the total amplitude of this region is larger for PC
electrolytes, it could indicate larger transport processes and restoring forces occurring
around the silicon wire. Additionally, if the viscosity increases the transport processes
are slower represented in a lower diffusion coefficient. Nevertheless, as shown in the
experimental results, the increase in series resistance is nothing bad, but actually
beneficial because it correlates to an enhanced inner elasticity of the SEI layer (Figure
5.9). The schematic indicates the transport of material to the silicon wire interface.
The maxima appear because the SEI layer is more thick due to larger transport to the
wire interface and therefore more resistant. During delithiation, the ions transport the

material leading to thin SEI layer and a less resistant state [98].

This stabilization is necessary to allow an SEI layer with modified mechanical
properties. The dynamics of the electrolyte show that a standard electrolyte con-
centrates on the continuous passivation and establishment of the SEI layer. The
high slope in the series resistance of the electrolyte with PC corresponds to higher
viscosity (that forms during charging). Viscosity and dynamics are directly correlated
to each other. The viscosity increase supports the silicon wire array, making the
electrolyte dynamic very stable. The very low R, value for the ethers and esters is also
a consequence of the transport processes. Due to the enhanced OH-bond formation at
the silicon surface, it leads locally to a surface oxidation and a very thin SEI layer.
The complex decomposition reaction like proposed by Campion et al does not lead
to a stable SEI formation on silicon surfaces, but result in many oxygen-containing
electrolyte components like OH, CO, and oxygen production will change the series
resistance behavior in the impedance data [175, 178, 177, 176]. A similar behavior in
the second region is obvious with DOL solvents. In combination with DOL, there is a
larger tendency that OH-groups form or are split off the reaction. Summarizing these
results, the first part of the series resistance curves are a result of the viscosity change
of the electrolytes. The higher the viscosity change, the more material is transferred
to the SEI layer. The second part of the series resistance indicates the electrochemical
dynamic of the electrolyte and the restoring force of the resulting SEI layer could be

estimated. For the high performance electrolyte, the series resistance stabilizes and
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does not increase anymore. A too high resistance in the long term means that the
ionic conductivity of the electrolyte is lost, slowing down diffusion mechanisms. If,
on the other hand, the conductivity remains stable, the ions can move in and out of
the electrode without kinetic limitations. Additionally, it implies that the lithiated
salt is not irreversibly decomposed and remains coordinated in the electrolyte. The
correct amount and concentration of PC helps to coordinate the lithiated salt, mainly
due to the delocalized methyl groups of PC (i.e. stereoisomerism). Viscosity can be
expressed as difference in mechanics of the SEI layer. Consequently, it is necessary to

understand the mechanics or in general the physics behind the SEI layer.
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5.2.3.1 Chemical electrolyte analysis

The reason behind the viscosity increase and the difference in performance is very

difficult and multifaceted. Raman analysis could indicate some important reduction

mechanisms, which will be shortly summarized in this section. The reduction of an

electrolyte with PC follows principally two different electron-reduction reactions, which

are well known on graphite electrodes [183, 184]: the one-electron reduction and a

two electron-reduction reaction. In order to fully characterize the possible reduction

mechanism of PC, it is necessary to consider the experimental facts as well as the

possible reaction products, which might actually lead to a viscosity increase of the

electrolyte.

o one-electron reduction reaction: One PC molecule reacts upon ring-opening
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under electron release. During this reaction, it is possible that either an longer
chain molecule forms or lithium alkyl carbontes form. This kind of electron
transfer reaction is highly unlikely, because the PC molecules react with each

other, thus being molecule molecule interaction.

two-electron reduction reaction: It is well accepted that PC reduces along a
two-electron reduction reaction (at least on graphite electrodes). For this type
of reduction, there are several reaction mechanisms. Upon ring-opening, two
PC molecules open up and form an oligomer. An oligomer would then lead to
a higher viscosity because the chain length increases. On the downside, LiF
forms and segregates. LiF is a solid and forms usually small particles. The EDX
analysis, on the other hand, on the silicon surfaces revealed that the fluorene
concentration reduced, compared to the standard electrolytes. Additionally, no
signs of spherical particles were found on the silicon surface. LiF is usually found
on graphite electrodes. It is supported by additional experiments using a silicon-
carbon black mixture, where exactly these small amounts of fluorine particles
appear. But due to the fact, that the silicon arrays do not need additional
graphite, either this reaction path is not happening or what might be highly
likely that the lithium salt LiPFg further reacts. There is an equilibrium reaction
between LiPFg towards PFy and LiF. This reaction is likely to shift towards
the products and to an enhanced PF5 concentration in the electrolyte. PFj is
a strong Lewis acid, which is a well-known initiator for radical polymerization
(94, 174, 185, 186]. In this case, the Lewis acid triggers a polymerization reaction

between the PC molecules or between PC and the linear carbonates, leading
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to a longer chain molecule. As non-aqueous electrolytes consist mostly of
organic solvents, organic chemistry needs to be discussed. Lewis acids act as
initiating agents for cathodic polymerization reactions. Upon ring-opening of the
cyclic carbonates PC and EC, the polymeric chain of the new build monomers
propagates (upon reaction with the linear carbonates). The polymerization
velocity highly depends on the polarity of the solvents, which is higher for PC.
PF5 is the end product of the decomposition reaction of the lithium salt. In the
first step, the radical PFg forms. This peak is detected in the Raman analysis.
In general, this peak appears at 738 cm™! (Figure 5.10). For the PC electrolytes,
this peak slightly shifts to higher values, resembling to a weak coordination of
this radical. LiF is not detected directly in the Raman analysis, whereas it might
still form, but that the peak is not detectable in either Raman nor SEM, because
they are not sensible to lithium. Due to the fact that graphite (or in general
additional carbon) is missing, it is more likely that not LiF forms, but Li,PF,
in addition. The viscosity increases due to the reaction of EC and PC with the
linear carbonates [174, 116, 113, 172]. Upon ring-opening, the cyclic carbonates
react with the linear carbonates and form long-chain polymers or oligomers. This
formation of a long chain polymer stabilizes the reaction of the solid electrolyte
interface. Depending on the chain length of the polymer, the electrolyte will
become unstable, because it completely polymerizes and hardens. For enhanced
PC concentration, the viscosity increase and change of the SEI is not beneficial
anymore, as discussed in chapter 5.2.1. Following the above explanation, the
polymerization reaction might be either too fast or due to a lack of PFj5 it leaves
un-polymerized functional groups inside the electrolyte. As for PC, Table 1 A in
the Appendix summarizes all the necessary data for the analyzed electrolytes.
Although PC does not seem to be structurally very different to EC (except
an additional methyl group), the viscosities and dielectric constants are very
different. Thus, implying, that the overall viscosity of PC leads directly to a
viscosity change of the SEI due to cationic polymerization. The task is to locally
enhance the viscosity during the SEI formation, but still be electrochemically
stable in the long term (and not harden completely) [94, 170, 169, 174, 187].

There are additional possibility of reaction path. Nevertheless, those reactions
take up water and form volatile components like CO inside the battery. Raman
analysis could not reveal any sign of water (no hydrogen peak, coordination

with OH). Any pressure build up inside the cell would be obvious in form of
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(at least) gas bubbles during cycling. These ways could be excluded. The
previous experiment revealed that the viscosity oft he SEI layer increased. That
is precisely the reason why the reaction path with only short chains is also
highly unlikely. Lots of small chains would not lead to a higher viscosity of the
electrolyte [171].

In general even LiO might form at the silicon surface and therefore leading to
surface oxidation in DEC electrolytes for example [175, 177]. This peak would
appear at 603, 605, 609 and 612cm~!. During the electrolyte variation, on the
other hand, this peak did not appear. Neither for the PC variation nor for the
DEC electrolytes. Nevertheless, this reaction could not be completely excluded,
but is not very likely. LiO is kinetically very unstable and decompose further
into different components. Due the instability, it might be that the EDX analysis
did not detect this as LiO formation.

In correlation to the radical PFy , which is found in PC electrolytes, the stereoiso-
merism needs to be considered. PC has the ability to form different coordination
around the lithium salt. Nie et al. reported the different coordination depending
on the electrolyte viscosity as well as number of free lithium molecules. The PC
molecules are highly mobile inside the electrolyte. Therefore, it has the tendency
to coordinate by different geometries like tetra or tre-bonded coordination. As
reported the EDX analysis shows reduced fluorine concentrations. In agreement
with Nie et al., it might be that the PC forms a tetra-coordination with a solvated
PFy around this complex. This solvated PFy is weakly bonded. Taking the
coordination into account and the cationic polymerization reaction, it is highly
possible that this is the reason for the viscosity increase at the silicon-electrolyte
interface [171, 116, 171, 111, 182, 94].

As it forms this tetra-covalent bonding or coordination, the PC forms so called
bond bridging and tends to "drag" the lithium ions away from the usual bonding
between EC and LiPFg. The last to points represent the peak at 721 cm~!. The
shift in peak 712cm™! resembles exactly this difference in coordination, as it is
usually a bond bending [188, 189, 171, 111, 182, 94].

The peak at 898 cm ™ is unaffected in the PC electrolytes, anyhow, a slight shift
and an additional peak is noticed when using the standard electrolyte as well as
for the DEC electrolytes. As a summary, this is attributed to a ring opening
or ring breathing of the EC inside the electrolyte, meaning a solvent-solvent

interaction might appear in these electrolytes [175, 177] (Figure 5.10).
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Figure 5.10: Raman and IR analysis of the cycled electrolytes of different PC concentra-
tions. a) The overview shows examples of the analyzed electrolytes before and after cycling.
The y-axis is shifted vertically in order to clarify the different spectra. The inset shows the
most important PC peaks for high concentration of PC. b) The additional IR analysis of
the cycled 5 wt.% PC shows a shift and a splitting of the LiPFg absorption peaks, normally
attributed at higher molar concentration and consequently to high viscosities, like observed
during cycling. It also includes the long-term cycled electrolytes, which does not show any
significant change anymore. With these changes in the absorption peaks, the solvation
and coordination of Li and PC changes and less PC could be coordinated around it. This
coordination on the other hand allows reversible cycling with the analyzed viscosity increase.

The concentration of the measured PC electrolytes is at 50 wt. % inside the
electrolytes. To some extend, there exist non-reacted, free PC molecules inside the
electrolyte even after cycling. It tends to reach a saturation concentration, above
which, the viscosity does not change anymore and it even tends to dilute. As a result,
the cycling performance reported previously is not very good, but instead shows
additional maxima and minima in the capacity curves. Subsequent, IR analysis of
only 5wt. % PC electrolytes (Figure 5.10) shows an additional contributions, which is

coherent to the first cationic polymerization reaction.

o Cycled 5wt. % PC electrolytes show an additional absorption peak as well as a
shift of the LiPFg absorption peak, which appear at 835 cm™ as well as at 877 cm™.
These two absorption peaks usually appear at higher molar concentration of
LiPFg. At these concentrations usually the number of PC molecules bound with
Li decreases and not the tetra-, but a tre-coordination appears. If this type
of coordination appears, the solution structure changes with the solvation. In
this case, as there is no graphite, that would form either LiO, Li;COg3 and LiF,

the complete fluorine molecules contribute to the higher concentration of the
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LiPFg and the further reduction in order to result in the proposed cathodic
polymerization. Kondo et al. invested in this case a drastic viscosity increase
with higher concentration of LiPFg, detected by the peak shifts at 835cm™!
(174, 171, 190, 113, 99].

As a conclusion, the electrolyte analysis with Raman as well as with IR is a very
complex and complicated process. By considering both methods, the coordination
change between 5wt.% to 50wt.% could be detected, thereby changing the inner
viscosity and elasticity of the SEI layer around the silicon wires. The next section
now uses this analysis of the electrolytes and transfers it to the silicon-electrolyte
interface trying to identify and simplify the reactions inside silicon anodes. Without
the physics of the SEI layer and the direct contribution to the charge transfer process,
no qualitative analysis of the cycling performance can be performed. The mechanics
and the charge transfer process are correlated for highly-ordered systems as well
as for paste electrodes. The importance to model electrolytes according to their
change in viscosity is multi-faceted because a) the best parameters can be adjusted
without the necessary electrode, thus reducing production and battery costs, b) the
exact electrolyte parameter variations are not falsified by an additional interface
interaction and c) it is possible to produce large amounts of specialized electrolytes
in advance. In addition, even artificial SEI layers can be produced by deliberately
considering polymerization processes with even different solvents like 1,3-dioxolane
(DOL). DOL as standard solvent for sulfur electrolytes is further discussed also
regarding the electrolyte compatibility for full cells in chapter 5.4.2. The importance of
the electrolyte degradation and the possibility to detect it as well with the impedance
spectroscopy is discussed further in detail in Appendix A2.

5.2.3.2 Impact of Viscosity on SEI

The electrolytic impact on the SEI formation can be modeled by introducing the
viscosity and elasticity change on the wires. Upon cycling and (with the use of a
different electrolyte), the viscosity of the electrolyte changes from fluid-like behavior
to more viscous electrolytes. The viscosity plays an important role in the function of
the SEI layer. The SEI could be modeled with two separate systems: First, it works
like a zip of a jacket. To close the jacket, the zipper has to be tightened from below,
narrowing the body inside the jacket. This is comparable to the SEI layer. The SEI

forms from below and then zips the wire up - it forms homogeneously around it. Due
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to the viscosity change, the SEI layer changes its mechanical properties. The elasticity

changes. It behaves like an elastic fisher net made of different mesh sizes.

Figure 5.11 shows in postmortem SEM images a typical example of the very
unusual morphology of the SEI layer around the cycled silicon wires, when cycled
in viscous electrolytes like PC. When cycled in this type of electrolyte, meshes form
inside the SEI layer around the silicon wires. This only happens in the specialized PC
electrolytes. The SEM image shows the meshes inside the SEI around the wires. This
behavior is shown exemplaryly in Figure 5.11 b). The very elastic SEI layer around
the wires adapts every movement of the wires. It is around the wires like a second
skin. At high C-rates, there is a large overpotential and high currents, which might
damage the silicon wires. Even at standard conditions, the currents are higher than
for normal silicon or graphite electrodes. With the even higher C-rates, the currents

are now increased by a factor of 10 (compared to C'/2 conditions).

Another possible effect might be that the time for a complete recrystallization
is not possible. When the wire expands very fast due to the fast C-rates, the SEI
layer tolerates that volume expansion perfectly. The meshes inside the net together

with the elasticity are very important. A stiff layer around the wires can maybe
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Figure 5.11: Model of the elastic and viscous SEI behavior in PC electrolytes. The SEM
image shows how the SEI layer looks like after charging and discharging silicon microwire
arrays with 5wt. % PC. b) The right schematic shows a net with various meshes, that
expands more elastic compared to the SEI in the standard EC-DMC system and can adapt
the behavior and movement of the wire like a fisher net in the water.
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cope with moderate volume changes, like C'/10 up to C/2 for the standard EC-DMC
system. If the SEI layer around the wires is stiff, it is hard to adapt the movement
of the wires without breaking. This effect is well known from literature [81, 163]. A
SEI layer around spherical particles or differently shaped geometries, for example,
behaves exactly like this. It breaks or opens, not completely, but in parts. This
leads to enhanced electrode/electrolyte contact, which might locally lead to enhanced

oxidization or disassembly of the electrode.

The viscosity change of the electrolyte and the modified SEI layer around the
silicon microwire arrays protects the wires and allows fast charging. TEM analysis
showed that the inner core of the wires stayed completely crystalline after charging it
with 5 C. Around the wires, there is only a small area, which shows amorphization.
Normally, with repeated number of cycles at higher C-rates, silicon amorphizes faster.
This demonstrates even more the mechanical stabilization of the SEI layer. The function
of the SEI layer is not limited to a chemical barrier, but it works predominantly, as
mechanical stabilization of the wires. The wires in the array are very narrow and
need special mechanical protection. They are exposed to very high currents, which
would lead to a destruction of the wires, if they are not stabilized intrinsically with
the SEI layer. The fisher net, which forms around the wires, keeps the crystallinity of
the wire. It allows to store the crystalline structure from the initial state or enables
the initial state conditions to be repeated. The amorphization is slowed down and
delayed for the crystalline phases to stay longer. The crystalline phases provide high
capacities because they can store much more Li ions. In combination with PC and
DME, it is possible to realize high alternating C-rates (5 C' as well as 1 C'), compare
Figure 5.8. This could only be realized by giving the electrodes enough (optimal) time
to recrystallize. The drawback would be, if the silicon structure does not have enough
time for the recrystallization, it would get amorphous during cycling. Amorphous
silicon is mechanically very instable. Thus, the highly-oriented silicon wires would
loose their stability and would eventually break during cycling with these high current
densities. This type of pulverization is very common for silicon electrodes because the
volume expansion of the material is this high. The cycling behavior is exceptionally
good and could only be realized with the additional mechanical stabilization of this
type of electrolyte. With this combination, it was possible to achieve even long term
stability with the alternating C-rates (5 C' as well as 1 ('). Using only PC does not
result in long cycling experiments because of the different coordination possibilities of

PC. But in order to show what is possible Figure 5.12 shows another very impressive
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experiment when cycling these wires with C'/5 during discharging and 5 C' during
charging. The cycling experiment in Figure 5.12 exhibits the maximum capacity up
to cycle 20, and then the capacity drops to 1500 mAh/g. This transition is correlated
to the change of the C-rates. The charging process is performed in only 12 minutes.
In contrast to that, the discharging or the lithiation process takes 5 hours for the
first part, and then 2 hours for the last cycles. The corresponding voltage-capacity
curves (for C'/5 and 5 C) indicate how the cycling experiments worked for three
different cycles. The discharging curve has two slight voltage plateaus, corresponding
to the two-step lithiation process. Almost the complete experiment is performed at
galvanostatic charging. The potentiostatic step is only activated at high capacities.
Consequently, this rate is not kinetically limited. The charging process, on the other
hand, is performed within one step galvanostatically up to 2000 mAh/g. The third
cycle shows first hints of the limitation of this type of cycling. The voltage drops or
saturates before it reaches its voltage limitation. This might indicate irregularities in
the corresponding current. When charging the anode with a faster discharging rate,
the charging currents cannot follow anymore and the capacity drops. This could have
two explanations: This version of experiment directly follows a very different cycling
profile. It is discharged really slowly, in order to really get the lithium in to the correct

silicon phase, followed by a very fast charging. The difference in current densities
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Figure 5.12: Potential of cycling silicon wires with slow and fast charging rates. a) The
cycling experiments indicates the maximum capacity up to cycle 20, and then the capacity
drops to 1500 mAh/g. This transition is correlated to the change in C-rate from C/5 to C/2.
The charging process is performed in only 12 minutes. b) The corresponding voltage capacity
curves (for C'/5 and 5 C') indicate how the cycling experiments worked for three different
cycles. The discharging curve has two slight voltage plateaus, corresponding to the two-step
lithiation process. c¢) The last discharging experiment is performed within two hours, as well
with high charging rates. This point emphasizes the limitation of the alternating C-rates,
supporting the necessity of (re-)crystallization. C* indicates that the imposed C-rates and
the real C-rates (after the experiments) are not the same, but rather the discharging process
is slightly faster than 5 hours.
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is enormous. For C/5, the current densities are usually approximately 0.84 A/g,
whereas the charging process has current densities of more than 21 A/g. Following
these results, it is evident that the difference in current density could destroy the
silicon wires in combination with the high volume expansions. The wires would not
be intact anymore and lead to enhanced amorphization and therefore to mechanical
failure. Like this, the silicon wires can withstand 140 cycles with the high cycling rate.
The reason behind the alternating charging rates is based on the two models. Due
to sandwiched silicon and the continuous flow of (the correct amount of) crystalline
silicon, enough crystallinity (i.e. crystalline silicon) is available to keep it also at the
enhanced volume expansion. The limitation is here the discharging process, which is
perfectly understood. The silicon system needs the time to keep the crystallinity and
to re-crystallize as discussed with the in- and ex-situ experiments in chapter 5.3. The
advantage of this highly-oriented structure with the embedded metallization is the key
requirement to allow the crystallinity and re-crystallinization. If, on the other hand,
the same high C-rate is applied during the lithiation process, not enough crystalline
silicon can diffuse into the rest of the wires of the array. During every lithiation process,
a small part of disorder i.e. entropy increase is induced into the system. Furthermore,
it demonstrates the strength of the silicon microwires as anodes, because they can
withstand these current densities and stress. As a summary, the complex system of
charging rate, electrolyte and crystallization needs an optimal configuration in order to
maintain the crystallization, enable a mechanical stabilization of the individual wires
and still allow fast charging times. The capacity fading in Figure 5.12 ¢) might not
only be an historic effect of the previous cycling, but it also means that the time for the
recrystallization is not enough in this type of electrolyte. These experimental facts rely
not only on the modified electrolyte, but also on the intrinsic crystal structure during

charging. These contributions will be discussed further in a later chapter 5.3.2.

5.2.4 FFT-IS Analysis of silicon-electrolyte interfaces

In order to understand how the newly designed electrolytes perform with silicon, the
FFT-IS analysis is also applied to silicon anodes. The results from the previous FFT-
[S-electrolysis directly influences this discussion. The viscosity change, the difference
in ionic conductivity in the multi-blend electrolytes all have to be taken into account to
discuss the resulting time constants. The strategy of this new developed investigation

is based on the reduction of all the unnecessary electrodes. The FFT-IS-Electrolysis
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analyzed the pure electrolyte. All those indications are transferred to the silicon-
electrolyte interface. Gaberscek et al. [160, 191, 162] evaluated that every component
in a battery should be seen as an interface. Particularly, FFT-IS-Electrolysis revealed
the interface between the electrolyte and inert electrodes; thus stating only changes of
the electrolyte. With the increase in dielectric constant the conductivity increases and
with it the series resistance of the system decreases. This translates into reduced ohmic
losses which fall over the electrolyte because the conductivity and, in consequence,
also the ionic mobility inside the electrolyte is enhanced. Figure 5.13 shows the
impedance data for silicon microwire arrays for different electrolytes. The standard
system on the left is already discussed in chapter 5.1. Therefore, only the difference
between the electrolyte with the new background information about them is discussed
here. When comparing the three time constants, 7, and 7, follow a similar curve,

whereas the slowest time constant shows a completely different behavior. In contrast
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Figure 5.13: FFT-IS analysis of silicon microwire arrays in different electrolytes. The
high performance electrolyte with the addition of PC is compared to the standard Selectilyte
LP 30. In order to show how the time constants correlate to the recorded voltammograms
and the phase transformations, the current is plotted as reference.
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to the standard electrolyte, it is also slightly slower. This can be explained by the
viscosity increase during the SEI formation and the complex interaction of the chemical
components with the silicon surface. Especially in the beginning when the lithium salt
dissociates and reacts with the silicon surface, the charge transfer reaction shown in 73
is slowed down. The second time constant, which is explained by the SEI formation,
does not show any decrease, it stays nearly constant during the first cycle. At the first
phase transformations, this time constant starts to increase again, indicating that this
process is slowed down again. Particularly during the phase transformation, which
means enhanced volume expansion it increases again. Having the coupling with the
viscosity increase of the SEI layer and the slower charge transfer reaction, this process
with the high performance electrolyte can be considered as local diffusion limitation
to actually enhanced the controlled way of incorporating the ions into the silicon
wires. Without this diffusion limitation at least only locally at the wire interface to
the electrolyte, high C-rates would not be possible. This process resembles a lot the

macropore etching and the dependence on the electrolyte, see chapter 3.1.2.
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5.3 Role of Copper Current Collector on Crystallinity

The previous discussion based on the interaction between specially designed electrolytes
with the silicon microwires. This study revealed high artificial mechanical stability
during the SEI formation, accompanied by homogeneous coating around every wire
from top to bottom. This chapter analyzes the impact of different cycling parameter
on the silicon microstructure. Postmortem TEM analysis on those samples after more
than 100 cycles indicated still a high degree of crystallinity [192, 193].

As discussed in the paper from Quiroga et al. [148], the success of the cycling
performance strongly depends on the correct and slow charging conditions during the
first cycles. Fast cycling within two hours from the beginning (starting with a fresh,
crystalline silicon sample) will lead to immediate capacity fading. The same holds
when cycling the silicon to the maximum possible capacity (100 % SOC). It is not yet
clear what impact this C-rate variation in the beginning has on the individual silicon

microstructure.

In order to verify and characterize this C-rate dependency on the cycling
durability, different in-situ as well as ex-situ characterization techniques are performed
(see chapters 2.8 and 3.8 for details in instrumentation and sample preparation). The
silicon wires are cycled in standard electrolytes.

This specialized measurement technique involved the development of a new pouch cell
design, described in section 3.3.3. Like this, it was possible to have a high spatial
resolution (40 nm) along the individual wires in order to monitor their crystallographic
changes during cycling. Ex-situ experiments of the Si wires are difficult, since even in
the delithiated state, the silicon contains roughly 13 % of Li. Any exposure to air, the
disassembling of the anode and the transfer into the measurement unit can easily

introduce artifacts, difficult to identify.

Figure 5.14 shows the in-situ XRD measurements for varying C-rate during the

SEI formation in the first four cycles.

Figure 5.14a show exemplary results of the in-situ XRD measurements using
coherent X-ray diffraction at different stages during the measurement at slow C-rate.
As mentioned before, the samples are embedded into polymeric pouch cells, which show
additional peaks in the XRD spectra. The individual peaks and their corresponding
materials are highlighted in the spectra. An attached goniometer continuously rotates

the diffraction angle about plus and minus 5 degrees. By that, synchrotron radiation
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Figure 5.14: In-situ X-ray diffraction using coherent synchrotron radiation. The silicon
microwire arrays are cycled at different charging rates and the microstructural change is
monitored in-operando. a) Silicon microwire arrays are cycled with a slow C-rate of C'/10
at 75 % SOC. This is a pre-conditioning step to form a homogeneous SEI layer around the
individual wires. i-iii. indicate the structural change displayed by the different diffraction
patterns. During lithiation, the intensity of the silicon peak decreases. But it completely
recovers in the end of the delithiation. b) Silicon microwire arrays are cycled with high
C-rate of C'/2 at 75% SOC. i-iii. demonstrate how the crystallinity changes during cycling.
The crystalline silicon peak vanishes completely.

hits more and more wires during lithiation. During lithiation, the intensity of the
silicon peak decreases because Li-Si phases form (Figure 5.14a i-iii). This peak gains
in intensity after the delithiation process again.

In contrast, Figure 5.14 b) shows how the XRD pattern changes when cycled at C/2.
In the beginning of the experiment, the peaks are very similar to those discussed
before. During lithiation and delithiation, on the other hand, the silicon peak cannot be
detected anymore. This indicates that the silicon microstructure completely changed
from crystalline to amorphous. Apparently, the charging rate has an impact on
the crystallinity of the silicon wires. This is verified by ex-situ TEM and TXM
measurements in Figure 5.15, on different spots on the individual wires. The ex-situ
TXM measurements in 5.15 a) shows how a slowly lithiated silicon sample looks
like. As reference, the inset shows a non-lithiated sample. Due to preparation, the

figure shows only individual wires. They are scratched off the array. The remaining
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silicon wire looks transparent. The results indicate that the wires remain completely
crystalline after the cycling procedure at the slow C-rate. There is some electrolyte
left at the edges of the wires. The non-lithiated wires are as transparent as the wires
cycled in C'/10. There is no difference.

Ex-situ TEM measurements support this measurement. The almost transparent part
at the edges of the silicon wires is the thin SEI layer Figure 5.15 b). The SEI layer is
amorphous because it is purely composed of organic compounds from the electrolyte,
as indicated by the diffraction pattern (not shown here). Figure 5.15 ¢) shows that the
wires are perfectly crystalline after cycling at C'/10. The attached diffraction pattern

shows no amorphous rings, but very pointy crystal plane reflections.

Additionally, the DF-TEM images show different kind of defects, because of

Figure 5.15: Ex-situ TXM and TEM characterization with varying charging rates. a)
TXM results on slowly lithiated wires. The inset shows non-lithiated wires and both types
look very similar. No change in colour and structure can be detected. b-c) Ex-situ DF-
imagess indicate a perfectly crystalline silicon sample, covered with an amorphous SEI layer.
d) At the corner of an individual wire, the crystal structure shows three differently, oriented
parts. These parts are amorphous, if cycled at C/2. The analysis of the attached SEI layer
shows even crystalline parts, resulting from the destruction of the silicon wires due to the
high currents. For more information, refer to [192].
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the charging process. These planar defects are re-crystallization planes of differently
oriented crystal structures. This means that upon lithiation the crystal goes from
crystalline to amorphous and re-crystallizes again according to this observation,
supporting the synchrotron measurements. Upon slow lithiation and delithiation the

crystal structure remains crystalline and more importantly re-crystallizes again.

At higher C-rates, ex-situ TEM measurements indicated that the silicon be-
came amorphous Figure 5.15 d). The DF image indicate even differently oriented
silicon regions, which are in an intermediate state between crystalline and completely
amorphous. Due to the sharp amorphization front (area between crystalline and
amorphous silicon) at this C-rate, parts of the silicon wire detached and diffused into
the SEI layer [168]. The high current density during the SEI formation is too high
leading to mechanical and structural disintegration of the silicon wire. There is no
conditioning step for the homogeneous SEI layer formation because it is disturbed by
the enhanced volume expansion of silicon. Thus, it breaks and needs to form again.
At the same, this could trigger new and unprotected reactions at the silicon-electrolyte
interface, which will be discussed even further in the next chapters. This demonstrates
a clear correlation between the charging rate, the SEI formation and the crystallinity
change of the silicon wires. All of the three properties and parameters influence the
cycling stability. For highly-oriented silicon wire arrays, the first five cycles are the
most important cycles to enable long-term cycling stability. The silicon re-crystallizes
during lithiation and delithiation if the charging rate is adjusted to a slow and

homogeneous SEI formation.

5.3.1 Role of the Current Collector

After previously discussing changes in crystallography and the re-crystallization of the
silicon wires, here the results clarify the role of the Cu-Si layer further. These results
are necessary to discuss the cycling stability of the silicon wire anodes. Figure 5.16
shows in-situ TXM investigations on different areas (a-c) of the silicon wires, embedded
in the pouch cell, see section 3.3.3. The wires, shown in figure 5.16, are cycled with
C/10. Figures b) and c¢) show parts of the wire, which are partially embedded into
the current collector. Small, parallel lines in the TXM images indicate the silicon
wires, whereas the dark part is the copper. Copper, or metals in general, cannot be
investigated with the synchrotron radiation and appear very dark in these images.

Nevertheless, the most important point can still be concluded. At the Cu-Si interface,
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Figure 5.16: In-situ TXM investigations on silicon microwires. a) It shows the down part
of the silicon wires, which are embedded inside a pouch cell. The polymer could be seen by
different wrinkles. b-c) The figures emphasize how the silicon wires are partially integrated
into the copper (the black part on the right). d-e) After cycling the silicon wires for 27 hours,
the embedded silicon part remains the same. The rest of the silicon wires, on the other hand,
shows drastic changes on the crystallography. The silicon, which was transparent in the
beginning, gets grey during cycling.

the silicon wires do not take part in the lithiation mechanism. They are completely
sandwiched in between the copper and no Li ions can diffuse through the metal. In
order to proof this hint, the same TXM images after 27 hours of cycling show also no
signs of crystallographic change of the embedded silicon (Figure 5.16 d-e). The active
part of the silicon, facing the electrolyte, changes at the outside due to the SEI layer
formation and the outside amorphization, depending on the C-rate. As a summary, a
partial copper integration keeps parts of the silicon deliberately crystalline, which is

very important for a high cycling stability as will be discussed in the next sections.

5.3.2 Self-organizing and self-supporting single crystal growth

The following interpretation allows to understand the high crystallinity of the silicon
wires after charging and discharging processes, as described in section 5.2.3.1. The

TXM results showed that the silicon embedded into copper matrix remains crystalline
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(Figure 5.17). During lithiation, the completely crystalline silicon wire reacts with the
lithium at room temperature forming Li-Si alloys. These are usually amorphous after
the first cycles. Nevertheless, during cycling of the here discussed silicon microwires,
no amorphous silicon is detected in the end, but a single crystalline phase remains.

Thermodynamically, this is a transition between a system with low energy and (almost)
perfect order (as a perfect single crystal, Figure 5.17 a) and a system of maximal
entropy and disorder. With ongoing delithiation, the recrystallization front propagates
through the silicon wire, as shown in Figure 5.17 a-c). At the phase boundary, two
conditions co-exist of a lower entropy dominated by the bond strength. The difference
in bonding strength and energy is decisive for the process as well as the entropy barrier.
The bond strength and bond dissociation enthalpy of a Si-Si bond is much smaller
compared to the Li-Si bond. Therefore, the silicon atoms in the solid solution will bond
covalently to the already existing silicon single crystal. Consequently, the silicon will
lower the energy and entropy of the complete system, by (homo-)epitaxial growth of the
single silicon crystal. This case could be called entropic purification. As a consequence,
the crystallization behavior of the silicon wires during cycling resembles a solid solution
and a (common) purification process of metals, alloys as well and metallurgical silicon
(194, 195, 196]. However, this metallurgical silicon contains a certain concentration of
phosphor used during crystal growth as nuclei. Nevertheless, these phosphor impurities
are not wanted for the final product and need to be removed by fractional distillation.
By repeated distillation or purification, the impurity concentration of phosphor atoms
is decreased step-wise. The comparison shows that this process is commonly used in

silicon crystal growth.

Basically, it is possible to explain the lithiation process during cycling with basic
thermodynamics of the phase transformation and application of the lever rule, Figure
5.17 d). The Li-Si alloy is a two-phase region inside the binary phase diagram. By
continuing the lithium reaction, the re-crystallization front propagates through the
silicon wire and shifts the phase boundary forward. The more perfect and crystalline
the wire is, the higher the entropy barrier becomes. With increased lithiation, the
lithium concentration increases shifting the lever to the left inside the phase diagram.
For the opposite case, the lever would be at the far end with a high concentration
of Si. Thus, entropy is withdrawn from the system providing more energy by the
crystallization and homoepitaxy (by Si-Si bonds and lowering the entropy of the
crystal). In this way, the lithiation and delithiation process uses thermodynamic.

According to the segregation coefficient, it is possible to calculate the concentration
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difference at the specific phase boundaries between the solid (or perfect crystal in
silicon) and the liquid phase (Li-Si). It directly relates to the Gibbs free energy of the
system and thereby to the entropy. Thus, the phase transformation is the transition
between the state, where the bond strength is important compared to the entropy.
The recrystallization process of Si or differently speaking, the solidification process,
has a certain aspect of life because it combines many different aspect. The epitaxial
growth of silicon inside the solid solution is only possible if a specific amount of seed
crystal survives repeated cycling. Since a part of the silicon wire (17 % of the wire
length) is squeezed into the copper matrix and does not take part in the lithiation or
delithiation, it remains in its initial, freshly crystalline state and acts as seed nucleus
(crystal). This process is comparable to homogenous nucleation during a solidification
process. Normally, the nuclei inside the melt needs a critical minimum size. Otherwise

the surface energy change would dominate the Gibbs free energy and the nucleus
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Figure 5.17: Model of the re-crystallization of the silicon during cycling. a) The figure
shows the perfect single crystal with an energy minimum and a solid solution of Li and
Si with maximum entropy. b-c¢) During delithiation, the phase boundary shifts and the
recrystallization front propagates through the silicon wire. The Li-Si phase could be described
like a liquid and Raoult’s law applies, upon which the partial pressure has to be equal.
Due to the volume expansion, the liquid tends to dissipate. In order to avoid this, the
SEI layer around the liquid has to build up enough restoring force to level out the increase
in partial pressure. d) The change from Li-Si phases to cr-Si, and vice versa, can be
described similarly to a binary phase diagram, comparable to typical fractional distillation
[197, 198, 199, 158, 200, 194].
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cannot grow anymore. Consequently, the free energy barrier for the nucleation would
be too high to be overcome and the nucleus would collapse. The same applies for the
case of the silicon epitaxial growth. Only in this case, no new nucleus grows inside the
melt, but the silicon grows epitaxially layer-by-layer on top of the seed crystal (the
silicon wire embedded in the copper matrix). Therefore, the homo-epitaxy of silicon

and the critical size has to be considered as well.

The velocity of the crystal growth (or the solidification process) directly cor-
responds to the dendritic growth direction inside silicon. The <100>-direction is
the fastest and most stable direction for the silicon dendritic growth. Exactly this
direction, as indicated in Figure 5.17 and 5.20, is the direction of the macropores and
consequently of the freestanding wires. Therefore, the re-crystallization can keep up
with a high C-rate. As charging could be realized in 12 minutes, it means that the
crystal growth proceeds at 5 pm per minute by deliberately using the fastest growth
direction of silicon. It is commonly known, that the lithium diffusion in silicon depends
on the (incorporation) direction and is anisotropic [199, 201, 202, 87]. Exactly this
<100>-direction is the slowest for lithium diffusion [197]. This combination of fast

silicon growth and slow lithium diffusion helps the kinetics.

The recrystallization of silicon and lithium could be easily modeled as a liquid, i.e.
an ideal solution, where the silicon and lithium atoms are highly mobile. Like that,
the necessary mechanisms become clear and Raoult’s law applies. In thermodynamic
equilibrium, the temperature as well as the total pressure are constant. In thermody-
namic equilibrium, the cycling is not kinetically limited. The partial pressure of every
component inside the liquid is locally everywhere the same. During lithiation, the
volume is not constant, but increases by a factor of four and it is not longer considered
as thermodynamic equilibrium. In this case, different partial pressures set in, as
indicated in Figure 5.17 b). The copper matrix maintains always the same pressure
on the embedded silicon wire. The volume expansion of the silicon, on the other
hand, leads to a drastic increase of the partial pressure p;, g, of the Li-Si ideal liquid
solution. Now, these pressure differences have to be leveled out by the elasticity of the
surrounding SEI layer. Consequently, a force has to be applied from the outside in
order to avoid the dissipation of the liquid. The SEI around the liquid has to maintain
as much force to equalize the partial pressure at this point. If, on the other hand,
amorphous silicon is present in the beginning, the partial pressure would increase
significantly. Thus, the force on the silicon wires has to be increased or in other words

the SEI has to tolerate these pressure differences without breaking. The function of
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the SEI layer becomes clearer underlining the preservation of the single crystal and the
excellent performance of the complete wire. The mechanism behind the performance

could be described like a self-organized and self-supporting crystal growth.

As a summary, in thermodynamic equilibrium the partial pressure should be
everywhere the same. During cycling, the partial pressure increases leading to a high
pressure difference between the solid solution with higher Li concentration and the
perfect single crystal. In order to still maintain the same partial pressure everywhere,
the SEI has to restore the partial pressure by its modified, more elastic layer around
each Si wire. It builds up an opposing pressure, but at the same time, it has to be
permeable for lithium. Exactly this permeable membrane structure could be realized
using PC as additive as shown in the SEM images after cycling in Figure 5.11. As
discussed previously in section 5.2, the morphology of the SEI layer changes, having
more of a net character (Figure 5.5). TEM images supported that even at ten times
larger C-rates with PC, the silicon remains single crystalline. The reduction of the
irreversible losses during the first cycles indicate that the SEI formation is much more
stable. Optimization allowed fast charging only after one or two pre-conditioning
cycles. Thus, the SEI enforces high pressure on the silicon wires already after short
time, which allows the recrystallization behavior. If this force is not large enough,
it will lead to segregation or in other words, the structure will no longer be able to

convert into a perfect single crystal.

5.3.3 Charge Transfer Dependency upon C-rate and SOC

In order to investigate how the observed change or stability of the crystallinity of the
silicon wires influence the charge transfer kinetics (discussed in 4.1.2), SOC variations
are analyzed by cyclic voltammetry measurements. This allows a good correlation
between the structural change and the electrochemical processes for lithiated samples.
3.4 as well as 3.5 in the Experimental Details describe only the standard process of
the cyclic voltammetry measurements. These processes are adapted to simulate what
happens after the first lithiation process, like during cycling. Therefore, the arrays
are pre-lithiated. That means that they are first cycled under the standard cycling
conditions (same C-rate and capacity limitation) for only one cycle followed by cyclic

voltammetry measurements.

SOC variations are investigated in a fundamental characterization, using silicon

wires in paste electrodes. The impact of the state-of-charge variation can be directly
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seen in a potential and current shift, recorded by cyclic voltammetry measurements
[203]. The SOC is varied between 0 and 75 % SOC. 4.1 discussed the size-dependency
without pre-lithiation at 0 %. When increasing the SOC up to 50 % (2100 mAh/g), the
delithiation potential decreases almost linearly. The shortest wire shows the smallest
delithiation potential. The longest wire needs more delithiation potential at that
state-of-charge. The length variation depends linearly on the potential changes. If
the SOC is increased even further, the potential shifts and the tendency changes.
Partial delithiation peaks show potential shifts to large values for short wires. They
need more voltage to remove the ions if the state-of-charge is at the standard SOC
for cycling the wires. Figure 5.18 shows the difference in lithiation and delithiation
for long wires, depending on the state-of-charge. At 75% (i.e. 3150mAh/g), a high
amount of charges are incorporated into the silicon anode, which means that high
energy has to be provided to let them in. Due to that behavior, the ions form lithiated
silicon alloys. The lithiated phase is pushed towards the core of the silicon, shifting the
concentration gradient. This amount of charges leads to a change in crystal structure,
changing from crystalline to amorphous. Especially for short wires, the lithiated area
surrounds the wires encapsulating the inner core. The ions are incorporated across a
smaller surface area, leading to higher diffusion and concentration gradient towards

the core. Larger wires on the other hand need to be first incorporated on all of the
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Figure 5.18: Influence of State-of-Charge on lithiation and delithiation behavior for wires
with different length and a thickness of 1.4 pm. a) The full lithiation peak (Peak 2) shows small
values for long wires, which translates into large incorporational voltages in b). The 60 pm
long wires are important to consider, because they are used in wire arrays. Although they
need larger voltages to incorporate the ions, c) indicate less voltages to remove them during
delithiation (Peak 3) (roughly 50 mV) in contrast to shorter wires. For these comparison,
only the voltage is considered, in agreement with the discussion in chapter 4.1.
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surface area. The crystalline structure change in short wires leads to an increase in
the delithiation potential because it needs more time to remove the ions from already
amorphous silicon. In contrast, longer wires have a larger, still crystalline area. The
lithiation process needs higher voltage with increasing length and SOC. A detailed

analysis of the other peaks is shown in [203].

The thickness variation indicates the essential parameter for cycling silicon wire
arrays. It indicates that the thin 1.2 pm show the smallest delithiation voltage at the
standard 75 % SOC. The delithiation peaks during cyclic voltammetry analysis shift
to even lower voltages, compared to the thick wires. Figure 5.19 shows the tendency of
the lithiation and delithiation behavior. In all of the lithiation and delithiation peaks,
the incorporational voltages decrease with decreasing thickness. At high degree of
pre-lithiation, less ions can still incorporate into the wires. Due to the fact that all the
necessary bonds were broken beforehand, less energy is needed. For this discussion,
the surface to bulk ratio is critical. Thin wires have a larger surface to bulk ratio,
in principle they have more active sides for the ions. Therefore, they need more
voltage if they are not at all lithiated. This can be explained by considering the
diffusion layer thickness, which depends on the state-of-charge and on the degree of
the lithiated phases. With higher degree of lithiation, as in the case for the 75%
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Figure 5.19: Influence of State-of-Charge on lithiation and delithiation behavior for wires
with different thicknesses with a constant length of 60 pm. a) The full lithiation peak (Peak
2) indicates an increase in potential for thin wires, which translates in small incorporational
voltages b) for the same peak. Even for the delithiation behavior (Peak 3) in ¢), they need
the smallest voltage to remove the ions. Therefore, those thin wires are used in the array
electrodes. These tendencies support the cycling parameters and shows that cycling behavior
might be best at high SOC values. For this comparison, only the voltage is considered, in
agreement with the previous discussion in chapter 4.1.
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SOC, the diffusion layer around the surface area of thick wires is also thick, caused by
the enhanced Li ion diffusion. This indicates that a larger area has to be penetrated
(this diffusion layer) in order to contribute to the capacity and leads to an increase in
incorporational voltages. This is also reflected by the current increase, discussed by
the Cotrell equation. Here, the current depends directly on the concentration gradient
(correlated to Fick’s law) and of course on the diffusion itself, refer to [204]. The
concentration gradient decreases with the amount of charges already integrated into

the anode. This means that the current amplitude decreases as well exponentially.

5.4 Modified Lithiation Model

After discussing every point of the anode structure as well as the structural changes
for silicon, which occur during cycling, this section summarizes these findings with a
lithiation as well as mathematical model. Compared to the most common chemical
etching methods like MACE (Metal Assisted Chemical Etching) for example, this
macropore etching with structured silicon wafers allows a well defined pore modulation
and structuring, which is absolutely necessary for this type of application. The
individual wires have only limited space in between each other, where they can
expand during cycling without hindering each other. This is absolutely necessary to
avoid constrictions of the SEI and total failure. Due to the limited space between
the individual wires, another brick and solid stabilization in form of the next wire
minimize the constriction of the SEI. Instead it stabilizes the next neighboring wire
and its SEI layer. The current collector is found to be also very important because first,
it enhances the mechanical stability of the complete electrode. Second, it provides
the necessary pressure from the outside on the silicon wires, in order to preserve the
single crystal structre as seed crystal for nucleation. In order to fully reconstruct
the contributions (current collector, electrolyte and SEI layer) on the crystallinity,
it is necessary to transfer it to the lithiation process inside silicon. Most models
[168, 158, 205, 206, 199, 207, 90] agree, that the lithiation process is a co-existence
between a kinetic reaction and the diffusional-controlled process of the Li ions trying
to incorporate into the silicon. Figure 5.20 shows schematically the silicon wire array
inside an electrolyte, where the Li ions move around. The magnifying glass on the
wires symbolizes the processes around silicon wires on large scale, taking into account
all the discussed results. The results could be modeled according to the tensile and

compressive stresses inside the material. Very importantly, the SEI layer is taken into
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Figure 5.20: Model of the compressive stress on silicon wires during lithiation. This model
shows the kinetic and diffusional processes of Li ions, when incorporating into the silicon
wire in two scenarios. The incorporation process induces compressive stress on the wire
upon which the driving forces for further lithiation are reduced. The modified SEI ensures
the mechanical support around the wires. The difference in compressive stress is indicated
by differently sized arrows. Large and thick arrows indicate a high stress level; the smaller
the stress, the thinner the arrows [158, 205, 199, 90].

account. The left hand inside the magnifying glass shows the initial state of the silicon
wire and also the state after the SEI formation. The SEI is shown as additional square,
because it forms homogeneously around each wire. Here, no details are given about
the SEI formation, but the mechanical properties of the SEI layer are considered, like
discussed before for the lithiation. The processes are exemplary considered for only
one wire. But it is assumed that it happens around every wire in the exact same
way. The SEI formation is the first process that occurs when applying voltage on a
battery. The next process is that Li ions diffuse through the electrolyte and towards
the interface between the crystalline silicon and the electrolyte. At that interface,
the Li ions have to diffuse additionally through the SEI layer. The bond dissociation
energy of Si-Si bonds is approximately 340kJ/mol. Li ions with an atomic radius
of 167 pm have a slightly larger radius compared to silicon with only 111 pm. When
Li diffuses into the diamond crystal structure of silicon, the dissociation energy of
Si has to be overcome and provided [87, 199]. Furthermore, the crystal structure is

widened - the lattice constant of diamond is increased. These are the first structural
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changes. The second process changes the kinetics. Upon lithiation, a concentration
gradient of Li ions is formed. Figure 5.20 indicates the concentration gradient Aj
directing from the electrolyte to the wire. The individual currents are labeled by j;
to j3 according to the different regions. The external current induces the diffusion
towards the silicon by forming alloys, upon which a concentration gradient of Li ions
is induced. This concentration gradient produces compressive stress on the silicon
and on the already lithiated phase. Arrows indicate the direction of the stress. In the
beginning, the stress is very large. Consequently, if the stress grows, the driving force
for further lithiation reduces drastically in order to cope with the induced stresses.
That influences the kinetics of the lithiated alloys. Compressive stress usually induces
cracks or local defects in the material and would lead to loss of active material, like in
this case, the silicon would rupture from the rest of the wire.

This scenario is indicated in Figure 5.20 a) on the left hand side. It describes the
influence of the elastic SEI on the compressive stress during lithiation. As indicated,
the elasticity of the SEI helps to reduce the compressive stress during lithiation upon
which the driving forces for further lithiation are not limited. It provides exactly
enough force on the silicon wires, in order to compensate the large volume expansion
of the Li-Si phase for the silicon seeds to survive. With the modified, more viscous
electrolyte, the moving ions take material with them to the interface of the silicon
wires and build up a SEI layer with high enough restoring force. If that happens,
the velocity of the Li diffusion stays (almost) constant, until the wire is completely,
reversibly lithiated without loosing its high degree of crystallinity. After analysing
also the SOC contribution to the lithiation behavior and considering the models for
the single crystal, another point could be deduced: The cycling performance might
be nearly independent of the SOC limitation (75% SOC) because of the intrinsic
regulation of the crystal growth. This prevents to obtain instable phases like Li;3Siy,
which is considered as metastable phase accompanied with high volume expansion.
Moreover, the growth speed of the single crystal and the movement of the lithiation

front is an intrinsic effect (in thermodynamic equilibrium).

All the necessary parameter can be summarized in the following mathematical
equation in equation eq:simulation and Figure 5.21. It shows the engineering and opti-
mization procedure, starting from the experiment [208, 209], leading to an optimization

routine. The consequences of the modified electrolytic system on the performance of
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the silicon wires are described by the total differential in equation 5.2:

= Lt + —dt (5.2)

The equation includes two basic properties of the complete discussion: first, every prop-
erty like the mechanical stabilization of the SEI layer, its formation, the amorphization
process due to chemical additives could be all expressed by the first derivative of
this total differential. The electrolyte is modified in such a way, that the viscosity
as well as the ionic conductivity is in an optimal range to support the wires during
cycling. As a consequence, the irreversible losses during the SEI formation are mini-
mized. Consequently, it might also be possible to cycle silicon anodes already after
one formation cycle, i.e. slow C-rates in the beginning. As a result, the wires show
an enhanced mechanical stability. Even the amorphization process, which is a result
of some electrolytic additives or higher C-rates, could be attributed to a modified
SEI layer with optimal thickness and morphology. By adjusting the viscosity of the
used electrolyte and understanding how the copper current collector contributes to
the performance, it was possible to stabilize the wires to achieve even high C-rates.

The second part of this total differential includes only time-dependent behavior, which

fx@®),t)

highest capacity
cycling stability af (x(©),t) * + gd
5C —rate dt  ||6x ot St

Optimization x() «v,D,T

mechanical stabilization l.viscous electrolyte 2.chemical retarding
crystal structure Ry xvx5—75cP  noelectrolyte destruction
optimal SEI layer formation thick SEI layer

PC stabilization & coordination  low irreversible losses
higher ionic conductivity

Figure 5.21: Schematic of the optimization procedure for high-capacity silicon wire elec-
trodes. A total differential of the function f could be fitted and modeled to the experiments,
including the two important components necessary to describe the results. One contribution
is the artifical mechanical stabilization by modifying the electrolyte and the SEI layer
formation. Every property and cycling performance would result from an optimal electrolyte
viscosity. The second part is the purely time-dependent contribution, which does not lead to
this mechanical stabilization. This includes the chemical retarding and coordination of the
PC leading to a stable electrolyte during long-term cycling experiments [208, 209].
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is not necessarily attributed to the SEI layer formation. This includes the chemical
retardness and stability of the electrolytes by adding PC. It changes the coordination
and complex around the Li ions, thereby even enhancing the ionic conductivity of
the electrolyte. Another contribution is the dendritic growth of silicon in the <100>-
direction, in which a single crystal growth fastest and more stable, leading always to a

single crystalline seed crystal.
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5.5 Electrolyte Compatibility for Lithium-Silicon-Sulfur
Full Cells

Up to now, all the reactions are analyzed in half cells. The electrode, which should be
analyzed is cycled against metallic lithium as reference and counter electrode. The
gained knowledge and understanding is now transferred to complete batteries with
cathode and anode materials (full cells). As already described in the Introduction
and in chapter 2, the silicon wire arrays are a very promising anode material for
Lithium-Sulfur (Li-S) cells due to the highest possible areal capacity. In those full cells,
the wires would be combined with sulfur cathodes. Sulfur cathodes are typically a
carbon host matrix with infiltrated elemental sulfur, described in [210, 211, 212, 213],
which is not subject of this thesis.

Therefore, it is necessary to test the electrolyte compatibility i.e. if the electrodes
perform well with the specially designed electrolyte for full cells. In contrast to the
already discussed carbonaceous electrolytes (combinations), typical sulfur electrolytes
consist of a two-blend solvent system with 1,3-dioxolan (DOL) and DME with a
lithium salt, called Bis(trifluoromethane)sulfonimide lithium (LiTfSi). This electrolyte
itself does not contain any additional (elemental) sulfur i.e. Sg; but only the sulfide
functional groups of the salt, which will become relevant in the subsequent discussion
of the cycling performance and investigation of these electrolytes in chapter 5.4.2.
Typically, sulfur electrolytes additionally contain small concentrations of (NO3)~ ions.
For a full cell with sulfur, this is very important because it reacts with the insoluble
polysulfides inside the electrolyte and traps those sulfides [211, 214, 181]. Furthermore,
for a sulfur cathode, it should increase the ionic conductivity. Compared to LiPFg
electrolytes, the ionic conductivity of LiTFSi electrolytes is three times lower [215].
For batteries with the insulating sulfur cathodes, the ionic conductivity has to be
increased intrinsically by adding LiNOj. This section tries to identify the problems
when cycling silicon microwire arrays with sulfur electrolytes. In addition, it shows the
consequence of LiNOj inside the electrolytes on the cycling performance of the silicon
wires, but also demonstrates how the electrolyte components interact and (negatively)

contribute to the SEI formation.

Figures 5.22 a) and b) show the cycling behavior with LiNOj containing elec-
trolytes [216, 217, 212, 66]. They show how the capacity fades drastically by almost
50 % at higher cycle number, when cycled in the sulfur electrolyte with LiNOs. This
capacity drop together with the highly fluctuating behavior is a typical example of
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the cycling behavior, which was only observed in this type of electrolytes ([66] as well
as in the "AlkaSuSi" final project report [218]). Although this behavior is not new, it

is not yet evident why the silicon does not perform stable in this environment.

The first four cycles are cycled with a slow C-rate of C'/10 and afterwards increased
to C'/2 (Figure 5.22 b). Special attention is directed towards the first cycles, also
in comparison to electrolytes without LiNOj. Taking into account all the discussed
results up to now, a long-term cycling experiment only reflects the history of the first
cycles. Thus, a stable SEI formation in the first cycle could lead to a repeatedly high
capacity. For pure LiTFSi electrolytes, the losses in the first cycles are really low. This
indicates, that the effects which accompanied the SEI formation are not that severe as
compared to the other sulfur electrolytes. The inset shows the slow increase in the
discharge capacity. In the beginning, the capacity increases very slowly. When the
C-rate increases by a factor of five in cycle 5, the capacity decreases again, trying to
stabilize during cycling. A closer look at the galvanostatic and potentiostatic charging
modes indicated additional contributions. This type of representation is a typical
characteristic when discussing about battery charging. Obrovoc et al. demonstrated
in several publications [85, 163, 219] how the lithiation and delithiation capacity
correlates to the voltages. Voltage plateaus - constant voltages - during the lithiation
(with a slight slope) indicate a phase transformation between the already lithiated
Li,Si, and the remaining Si inside the anode. This plateau is considered always with

a slight slope, because the highest possible LiSi alloy [85, 163] should have a capacity
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Figure 5.22: Cycling behavior of silicon microwire arrays with LiNOg containing elec-
trolytes a) for 100 cycles and b) for the first cycles, to direct the attention to the problems
during SEI formation. A comparison without this co-salt emphasizes even more the effect
on the cycling stability and the stable SEI formation.
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of about 4200 mAh/g. Upon delithiation, there exist several plateaus, in agreement
with the recorded cyclic voltammetry measurements. They indicate also a two-step
delithiation process, until the voltage increases further for a complete removal of the
Li. In addition, Figure 5.23 shows how the currents and voltages develop during
the measurement. This is very important because it demonstrates which process
(potentiostatic or galvanostatic charging) dominates the cycling. All the cycling
experiments during this thesis are a combination of potentiostatic and galvanostatic
charging. Upon lithiation, the voltage reduces until it reaches its pre-set voltage limit
of 110mV; with a galvanostatic step simultaneously, where the current is constant.
When the voltage reaches the limit, the cycling mode changes to potentiostatic and
the current increases step by step. Consequently, the current increases until it is
reduced to only 10 % of the starting value; indicated by the red squares. After that
the charging (delithiation) process starts with again a mixture of galvanostatic and
potentiostatic steps. For all cycling tests, this is the standard cycling procedure (unless

mentioned otherwise).

According to those tendencies, the limits of the battery with this type of electrolyte
are identified. More importantly, it reveals how and when the series resistance changes
during the measurement. The consequence of this current and voltage dependency is
shown in Figure 5.23 d). This type of representation correlates indirectly the voltage
to the phase transformations (different representation than cyclic voltammetry) in
voltage plateaus. Figure 5.23 a) shows the cycling behavior of cycle 49 up to 55. The
capacity starts to fade exactly during these cycles. Therefore, the potentiostatic and
galvanostatic cycles are shown in order to indicate how the current changes upon
cycling. The capacity fade can be correlated directly to the voltage/current curves
here. Until cycle 50, this combination can be reversibly seen in the current and
voltage curves. From cycle 50 to cycle 51 (292 hours), the current does not reduce
anymore to 0mA. Figure 5.23 b) enlarges this scenario. The cycle before shows still the
galvanostatic and potentiostatic modes, whereas the next cycle changes its voltage and
current behavior. The blue dotted line indicates the behavior how it should be. This
allows a very detailed comparison. The voltage does not reach its limitation at 700 mV
and does not change into the constant potentiostatic mode anymore. As a consequence,
the current does not drop exponentially, but switches instead from the positive limit
directly to the negative galvanostatic limit for the new cycle. For cycling silicon
microwire arrays, potentiostatic steps are necessary to allow high cycling stability

with high capacities. If this step is missing, the anode cannot reach high capacities.
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Figure 5.23: Cycling experiments with LiNOg3 containing electrolytes, by looking closer
at the currents and voltages during cycling The analysis shows which charging process
dominates and how the current and voltages change with cycle number. This dependency is
very powerful because it demonstrates how the battery fails and could indicate resistance
losses inside the battery. a+b) It shows the behavior at cycles 49 up to 56. As indicated in
Figure 5.22, at cycle 50, the capacity starts to fade. This is seen in the time scale at 292 hours
in a) and b) in the missing current decrease as a consequence of the missing potentiostatic
(constant voltage) part during the charging. c¢) In the same kind of representation, it
shows how the current during the discharge is unsteady. This is a consequence of the long
potentiostatic charging. d) As a consequence, the capacity fades completely at high cycle
numbers and is triggered purely galvanostatically.

Figure 5.23 ¢) indicates the voltage and current behavior for higher cycle numbers
(cycle 65-68). Here, the missing potentiostatic step is predominant. Between cycles
65 to 68, (349-351 hours), the voltage increases almost up to 700 mV. In the following
cycle, the galvanostatic mode is very short during discharging. As a consequence of
this missing galvanostatic step, the current shows spikes (parasitic reactions). This
is the first indication of an unwanted reaction inside the battery. With higher cycle
number, the current shows more and more of these parasitic reactions i.e. the current
increases by a factor of three, leading to the large capacity fade indicated in Figure
5.23 d). The capacity drops to 50 % of its initial value. The drastic current increase is

the first sign of the degradation mechanism of the anode with this type of electrolyte.

148



5.5 Electrolyte Compatibility for Lithium-Silicon-Sulfur Full Cells

It is the consequence of the missing potentiostatic mode i.e. the battery cannot reach
its limit anymore. If the battery is triggered towards this limit, it will induce cracks
inside the wires leading to more loss of active material. These current peaks do not
appear during every cycle; at first at cycle 66 and repeatedly at cycle numbers higher
than 100. These are strong hints of the length scale of the degradation mechanisms.
It has to be an effect that it is a slow but steady reaction with large time constants,

because it seems to become more effective at higher cycle numbers.

As indicated, Figure 5.23 d) shows indirectly a correlation to the phase transfor-
mations. For the galvanostatic lithiation in Figure 5.23 d) at cycle 200, it indicates a
very low voltage plateau. For that interpretation, it is important to notice that this
mode changes already at 1000 mAh/g. This small voltage plateau already gives first
hints that the silicon is almost completely converted into amorphous silicon. It only
has one single, very small voltage plateau. It emphasizes that there is hardly any
crystalline silicon anymore. The estimated capacity cannot be reached by this mode
anymore. The same behavior is observed during the delithiation. There is only one
voltage plateau followed by an increase in voltage. This increase is necessary for the
complete removal of the lithium out of this already amorphous alloy. The one-step
conversion supports that the formed LiSi alloy is amorphous and no additional step is

needed to extract the lithium out of a crystalline alloy.

The cycling performance of silicon microwires with LiNOj3 electrolytes indicate
degradation after 200 cycles, induced by missing potentiostatic plateaus, which lead
to parasitic reactions in the current. This effect is a slow effect with a large length
scale because the consequences are observed first at higher cycle numbers. In the
beginning, the anode performs well with high capacities. Therefore, the degradation
effect has to have slow time constant to leads to this large degradation. This slow
time constants appear due to collective phenomena and not only locally, where usually

the time constants are faster.

5.5.1 Copper Degradation

As indicated, the length scale for this degradation phenomena is quite high. The
capacity fade occurs first after a long cycling period. Due to the fact, that the current
increases drastically, there are strong hints that parasitic reactions occur. Parasitic
reactions might be first signs of the degradation mechanism of the copper current

collector. This means that the ohmic contact between the silicon wires and the current
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collector starts to fail. The silicon wire anodes have a current collector with a thickness
of 451um. Due to the integrated contact between the wires and the copper, series
resistance losses are imposed on the anode. The current collector cannot carry the
change in the current due to the galvanostatic and potentiostatic modes anymore and
starts to fail. In order to verify, if this degradation mechanism is related to series

resistance losses at the ohmic contact, corrosion tests are performed.

The amount of LiNOj inside of a standard battery test is 0.0086 g for a 0.25 M
LiNO3 solution. The corrosion tests contain five times this amount to accelerate the
corrosion and simulate what could happen to the current collector with time. These
tests are performed in a transparent glass tube, forming the battery housing, with
two inert electrodes on both sides as counter electrodes. The test slide (working
electrode) has a similar diameter like the real copper current collector, but with a
reduced thickness of 25 pm (half the thickness of the real anode current collector).
Figure 5.24 indicates how the copper slide reacts with the dissolved (NO3)~ ions.
Camera-based imaging during the corrosion tests revealed the complete corrosion and
dissolution of the copper test slide. The separator shows a color change from white
to blue and green. The color change is characteristic for the formation of Cu(NOjz)s.
This color change is also visible at the surface of the copper slide. The slide itself
is pulverized in several pieces. Even parts of the slide are completely dissolved by
the used electrolyte during this corrosion mechanism. The results indicate that the
copper is dissolved by the electrolyte additive. Due to the high amount of additive, the
corrosion was fast within 24 hours time. The diameter of the copper slide was reduced
by a factor of 1.5 (from 1cm reduced to 0.67 cm) with a thickness change of about
10 pm. The dissolution rate during this experiment is higher than during the standard
cycling test. If the dissolution rate with increased amount of LiNOj is approximately
0.5 pm per hour; in a cycling experiment with 5 times lower amount of this corrosion
catalyst, the dissolution/etching rate is also slowed down. The same experiment with
reduced electrolyte indicated that only the circumference of the copper slide (on the
edges) turned green i.e. oxidized. Another severe consequence has the oxidization on
the copper-silicon interface. The thickness of the real current collector of the anode is
twice as thick as the test slide. This concludes that the corrosion i.e. degradation of
the current collector of the anode plays an important and crucial role. The reduced
dissolution rate has a high length scale on the system and imposes series resistance
losses on the ohmic contact at the interface between the copper and the electrolyte.

There, locally at this interface the complete current collector starts to oxidize. This is
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Figure 5.24: Corrosion of the copper current collector by in-situ camera-based imaging
of the electrode. The corrosion test is performed in a specially designed transparent cell,
in order to investigate possible corrosion in a color change of a copper slide. a) It shows
the original, starting experimental set-up as reference for possible reactions. b-c¢) Due to
the high amount (0.043g) of LiNOjs inside the electrolyte, first signs of corrosion at the
copper/electrolyte interface are visible at the copper side already after several minutes.
d-e) With time of the corrosion test (approximately 2 hours), the reaction products of the
oxidation of the copper can be seen in the electrolyte. This can be seen in the change of
color of the electrolyte from transparent to green due to the formation of Cu(NOg3)sz. f)
After disassembly of the electrode, the separator as well as the copper show severe signs of
degradation and complete destruction of the copper slide.

reflected by the comparable corrosion experiment (Figure 5.24), where in 24 hours
only the interfaces and edges of the copper slide were predominantly corroded due to
the reduced amount of additive. These parts are in direct contact with the electrolyte.
Transferring this to the complete anode structure, the main part of the current collector
of the anode (Figure 3.5) is covered by the silicon wires, buffering or retarding the

oxidization of the copper.

If the ohmic contact is damaged and degrades over time, parasitic reactions occur
and the observed current increase occurs. If the current collector oxidizes, the copper-
silicon interface is crucial because the oxygen and nitrogen ions from the oxidization
may start to oxidize silicon. As a possible consequence, the sandwiched silicon may
become amorphous and no (new) crystalline silicon is transported into wire. The
sandwich structure is for this electrolyte the weak link. Looking further ahead, the
electrochemical reaction continues and the remaining, crystalline silicon wires still
expands by a factor of four. The now amorphous sandwich, on the other hand, has

problems during this volume expansion and is a mechanical limitation. Especially,
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if nitrogen and oxygen ions continue to diffuse along the wire and start to change
the crystal structure, the complete mechanical stability of the free-standing structure
weakens. Complete amorphization of the wires lead to a drastic capacity fading, as a

result of different (activated) silicon alloys.

5.5.2 Viscosity Influence of Electrolyte

First, the current collector-electrolyte interface was discussed and hence the related
degradation of the current collector was revealed. But the electrolyte not only has an
effect on the current collector, it also effects the silicon wires directly. This is the most
important interface because the silicon wires are the active material which have to
work with the electrolyte in a Li-S cell. In order to differentiate between already known
influences on the silicon array and completely new and special phenomena in this
type of electrolyte, the electrolyte itself (pure without the electrode) is investigated
following the FFT-IS-Electrolysis for the standard electrolytes (refer to chapter 5.2).
The detailed investigation of the electrolyte is essential, in order to produce a high
performance full cell. Up to now, the electrolyte (as well as the low areal capacity of
the cathode) is the limiting factor in a high performance and durable full cell, either
limiting the necessary anode performance or depleting the complete full cell due to

complete absorption of the electrolyte by the cathode [66, 212].

The main concern here is the electrolyte compatibility with the anode because
usually pre-lithiated silicon anodes are used in full cells. Nowadays, pre-lithiated
sulfur cathodes are used as an alternative to the pre-lithiated silicon anodes as well.
Consequently, the silicon wires are in contact with the electrolyte already during the
SEI formation. Exactly this formation and the consequences for silicon have to be
evaluated because it might allow to design a specialized electrolyte for silicon and sulfur
electrodes. As discussed previously, the SEI is the most crucial property in batteries
and has to be maintained also in full cells. Chapter 5.2 already showed the electrolytic
influence on the cycling performance. There, it was elaborated that the viscosity and
the ionic conductivity of the electrolyte are crucial properties, which contribute to the
anode performance. The basic difference between the cyclic carbonates used in the
previous electrolytes and in this sulfur electrolyte (1,3-dioxolane, DOL), is the lack of
an additional CO double bond, as in the case of EC. Another difference is the change
in lithium salt. LiTFSi is found to be less stable, compared to LiPFg and reduces the

ionic conductivity. Figure 5.25 indicates the series resistances of the sulfur electrolytes,
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recorded again by the FFT-IS analysis.

The addition of PC to the standard carbonaceous electrolyte system is already
discussed in detail in chapter 5.2. In order to understand the differences to that
electrolyte system, it is shown here as well. Important to mention is, that sulfur
electrolytes (Table A2) are tested in a different voltage region. The series resistance
in Figure 5.25 can be divided in three parts: I. represents the viscosity change
during the SEI formation, II. shows the electrochemical dynamic of the electrolyte
and III. emphasizes the dynamics and kinetics of the electrolyte. The first part is
the most important one (Figure 5.25 a). The resistance increases for PC almost
linearly in part I. For LiNQOgj, the series resistance decreases, instead of increases,
indicating a negative slope. Following the above discussion, there is no significant
viscosity increase. Compared to standard anode electrolyte, sulfur electrolytes with
the added LiNOj show low viscosities of only 1¢P [212, 217, 220]. By deliberately
aging electrolytes, they can be tested, if they will perform with highly-oriented
silicon wires or not. The reduced viscosity for LiNOj3 electrolytes indicate a very low
material flow to the electrode/electrolyte interface, which corresponds to a thin SEI

layer. This reduced viscosity needs to be taken into account when discussing the
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Figure 5.25: FFT-IS-Electrolysis of sulfur electrolytes with LiNOg. a) The comparison of
two different electrolytes PC (above) and LiNOgs (below) shows the dynamic of the electrolytes
and the necessary viscosity change. LiNOj electrolyte is cycled between 3.5V and 1.5V.
In contrast to that, b) shows the series resistance of the same sulfur electrolyte exactly in
the same voltage range, as the other electrolytes. ¢) When changing the composition of the
electrolytes, severe differences are obvious. Electrolytes without nitrates show an increase in
series resistance about two orders of magnitude.

153



Chapter 5 Results and Discussion -
Part 2: Array Electrodes

long-term cycling experiment, shown in Figure 5.22. There, very high irreversible
losses occurred with up to 70 % in the first cycles. Taking into account the previous
discussions, the reduced capacity in the beginning is a result of the changed SEI
formation. Not only the decomposition products of the electrolyte on the silicon wires
changed, but also the influence of the solvent changed. As it is well-known, DOL is a
Broensted acid and can also be seen as initiator for cationic polymerization (BASF,
[221, 94, 222, 185, 186]). Due to the reduced reactivity of DOL without LiPFg, the
polymerization reaction is reduced and the viscosity is consequently not increased.
Consequently, if a polymerization takes place, it only forms short polymeric chains. But
also this polymerization is negatively influenced by the co-salt LiNO3. In comparison
to the other cyclic carbonates EC and PC, DOL has initially a very reduced viscosity
and cannot contribute this effectively to a higher degree of polymerization. Due to
the addition of a common linear carbonate for sulfur electrolytes, namely DME, the
already low initial viscosity is even more decreased i.e. diluted (refer to Figure 5.25).
In order to explain the capacity fading at higher cycle numbers, the second and third
part of the series resistance plots have to be taken into account, (as well as the copper
degradation). The co-salt LiNOj is only electrochemically stable for voltages above
1.7V. Below this limit, it is irreversibly reduced on the anode surface. This reduction
is observed during cyclic voltammetry measurements as additional peak at 900 mV.
The co-salt reduces mainly to Li,NO, phases on the surface of the anode and disturbs
the stable and homogeneous SEI formation. [217, 220] observed around silicon mainly
surface films containing a high amount of oxygen and less amount of fluorine. The
LiNOg3 hinders the dissociation of the main-salt LiTFSi, resulting in only a small
amount of LiF inside the SEI. The dissociation of the standard electrolyte LP 30
(mainly consisting of alkyl carbonates EC-DMC) contains mostly [220, 94, 95] Li,PF,,
LiF and Li;COj3 (and many more). This reaction is even more disturbed because the
nitride agglomerates at the silicon surface. The influence of the nitrides on the silicon
surface are unclear up to now. One suggestion is that it forms an isolating, dielectric
layer around the wires; first in form of agglomerates which grow into each other. By
enhanced agglomeration, it might be that locally the current increases drastically,

destroying the wires.

During the cycling experiments, the C-rate is increased after the first four cycles.
At this point, there is a sharp decrease in the capacity. Due to the reduced thickness
of the SEI layer, it takes more time to build a complete SEI layer around each wire.

Compared to others [217], the amount of active material is very high. Not only is the
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amount high, but also the aspect ratio because the length of the wires with 70 pm is
rather high as well. That means, if the SEI formation is not finished during these
four cycles, the capacity will fade because the volume expansion is increased by the
C-rate. The SEI layer has to expand as well and induces holes, which have to be
repaired in the following cycles. This is reflected by the cycling experiments. The
second and third part of the series resistance describe the dynamics of the electrolyte.
The series resistance of the high-performance electrolyte with the addition of the PC
is twice as large and shows a stabilization in the third part. The sulfur electrolyte
with LiNO3 does not show such a resistance increase. The electrochemical behavior of
the electrolyte is completely different. The series resistance switches from the viscosity
change directly to the last and final part: to an almost constant series resistance. The
amplitudes for the resistances stabilize, which means that for every cycle the height is
the same with clearly, defined large minima and maxima. Postmortem analysis of the
silicon wires showed a high depletion and consumption of the electrolyte after cycling.
There was too less electrolyte during cycling the anodes with that type of electrolyte.
They were completely dried. No ionic conduction could be established anymore due
to the enhanced depletion. This was supported by the multi-step reduction of the
electrolyte and the reduction of the cyclic and aprotic solvents [219, 94, 216]. It is
known already that the first reduction or in general reaction of nitrides with DOL
lead to enhanced depletion of the electrolytes. With higher cycle numbers, this change
in electrochemical dynamic is seen in slower diffusional processes due to electrolyte
depletion. Higher voltages are needed with every new cycle, either to incorporate or
remove the ions from the anode. Although the series resistance is quite low compared
to the standard electrolytes, the ionic conductivity of these electrolytes is twice as
low. In this voltage regime, the byproducts are still soluble and still contribute to
the reaction inside the electrolytes. But the partially reduction of the co-salt LiNOj
is still triggered because the voltage is swept at 1.5 V. That means, that the salt
dissociates and reduces partially in the first cycle, but forms reaction products with
the co-solvents at higher voltages. With ongoing cycles, higher degree of reduction
is achieved. It can be deduced from the electrochemical dynamic of the electrolyte
that the salt is not completely reduced after these five cycles because the maxima
and minima stabilize. There are also no agglomerations or insoluble products, which

would drastically reduce the impedance.

The compatibility of sulfur electrolytes with the electrodes is quite new and

not discussed in every detail. Therefore, the FFT-IS analysis is decisive for the
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full cell technology. Figure 5.25 b) shows the FFT-IS analysis for the same type of
sulfur electrolyte with added LiNOj3, but analyzed in the same voltage range as for
the standard EC-DMC electrolyte (anodic region), in order to test the electrolyte
compatibility. The series resistance decreases almost linearly with time. It shows
neither the viscosity increase nor the maxima and minima in the resistance. This
clearly demonstrates the dynamic of this electrolyte in this voltage regime. The
reduction shows that the electrolyte is not electrochemically stable. Both impedance
curves (in both voltage regimes) can be explained by looking at the chemical reduction
of the electrolyte ingredients. The electrolyte is only electrochemically stable above
1.7 V. That means that lower voltages irreversibly reduce the co-salt LiINO3 in NOy and
Li;NO,, feeding the conductivity of the electrolyte. The co-salt is reduced every time
again, and completely consumed. It cannot contribute anymore to the ionic diffusion,
lowering the resistance every time even more. The behavior can be extrapolated
to zero, if the experiment would only take long enough. At those voltage regimes,
reactions between LiNOg3 and the co-solvent DOL lead to enhanced decomposition of the
carbonates inside the electrolyte, by shifting the equilibrium more the decomposition
products. Those reaction products agglomerate and are not soluble again in the rest
of the electrolyte. They block further reactions [217, 223, 220, 212, 216].

LiNOj; concentration variation (0 M - 0.25 M solution), as indicated in Figure 5.25,
clarify the salt influence on the electrolyte performance [217, 215]. Electrolytes without
LiNOj3 show a completely different behavior and resemble more those already discussed
in chapter 5.2.3. The basic difference is the drastic increase in series resistance after the
first region. This is a result of the low ionic conductivity with LiTFSi. Nevertheless,
Region I. shows a large increase in R, which is accompanied by a viscosity increase
of the SEI layer. Cycling behavior supports this necessary increase in the resistance
because it can be (almost) directly correlated to the minimized irreversible losses
in the first cycles. As mentioned, during these cycles the losses are always higher
than for higher cycles, because of the SEI formation. The impedance measurements
now indicate that this is more stable and that it helps the cycling process. This
reaction is so stable due to the increased viscosity or expressed differently to the
reduced ionic diffusion in this part. For the long term cycling, the critical part is the
increase in resistance and its ongoing increase, which might again limit the reversible,
high behavior. If the ionic conductivity is lost at some part, no diffusion could be

established. The effect of LiNOj inside electrolytes is still under investigation.
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5.5.3 Influence of the electrolyte on the mechanical stability

Having a closer look at the silicon interface after cycling, SEM as well as EDX analysis
revealed the consequence of the individual components in Figure 5.26. The EDX
analysis revealed a severe oxidation of the silicon surface. The shape of the silicon
surface is not at all typical after cycling. Usually, it is flat or covered with a smooth
surface, like the ones shown in Figure 5.5. Large amounts of oxygen are recorded. TEM
analysis verified the oxygen contents and revealed a nearly complete amorphization as
a result of this oxidation. A complete comparison of the TEM results with varying
electrolyte is located in the Appendix A5. The total ratio of the detected signal
of silicon and oxygen is almost 1:2, indicating a very high oxygen concentration
accompanied with a dielectric silicon oxide formation. With the combination of DOL
and LiNOgs, the reaction is shifted towards more oxygen-containing sulfur species
like mentioned above, for example NO,, or LiS,O, and short oligomers with lots of
oxygen functional groups. If a small layer of oxide forms directly at the interface, it

is a catalyst for further oxidation [175, 177]. As discussed earlier, a high degree of

Figure 5.26: Silicon surface after cycling in LiNOj3 electrolytes. a+b) The surface of the
silicon wires show small spikes, which is not typical. ¢) An extract of the EDX analysis
shows severe oxidation of the silicon surface. Sample preparation artifacts can be excluded
because the oxidation is demonstrated independently by Raman spectroscopy as well. Those
measurements are performed in an argon-filled and sealed pouch cell, without contact to
oxygen.
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crystallinity is a requirement for the good cycling performance. An amorphization as
in this case results in a capacity fading. At this point, again the lack of the mechanical
stabilization of the silicon wires is important: with ongoing amorphization, silicon
cannot withstand the volume expansion anymore and is prone for crack formation and
mechanical failure. If the stress is inhomogeneously distributed inside the amorphous
layers, cracks are induced and are likely to propagate, leading to a phase separation of
the amorphous and crystalline silicon and therefore to mechanical failure of the silicon
wires [168, 206, 224, 225, 226, 227, 199]. Even if only small cracks exist inside this
amorphous layer or at the interface between amorphous-crystalline silicon, the Li ions
are likely to diffuse exactly to those spots and start new chemical reactions with the
silicon. Locally they break additional (still crystalline) silicon bonds and lead there
locally to enhanced tensile stress and crack propagation. Thus, the capacity fading
described in Figure 5.22 might be a combination of two facts: a) the ohmic loss and
mechanical disintegration of the silicon wires and b) the almost complete amorphization
of the silicon wires. Coming back to the self-organized crystal growth, for the sulfur
electrolytes, the SEI layer is not elastic enough and cannot maintain enough restoring
force on the silicon wires. This leads to an amorphization. In addition, the electrolyte
and decomposition products of the electrolyte accelerate this effect. There is still a
seed crystal embedded inside the copper. But there is a major drawback: a) these
seed crystals are also partially oxidized due to the LiNO3 and the copper corrosion.
As a consequence, the seed crystals do not necessarily survive the long-term cycling
process, which have momentous damage on the wires. If an amorphization takes place,
the partial pressure difference between the quenched (copper-silicon sandwich) silicon
part and the rest, amorphous parts increases and the SEI layer has to withstand large
amounts of pressure. Due to the very thin layer, it cannot accommodate this very
easily (Appendix Ab).

5.5.4 Potential of FFT-IS-Electrolysis

In order to point out the power of this type of measurement (see chapters 5.2.3 as well
as 5.4.2), an additional example is the investigation of the possible current collector
oxidation, as in the case of LiNOj and copper, with the electrolytes. The course
of the curve in Figure 5.27 illustrates the oxidized current collector as a result of
the redox reaction. In analogy to Gaberscek, this oxidization is considered as an
additional interface reaction between the current collectors and the electrolytes with a

parallel resistance. (The fit of these data is related to one RC circuit, as indicated
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in chapter 2.7.3.) Every increase in the resistance is directly correlated to a defined
local corrosion process. After complete oxidization, the resistance increases over
many orders of magnitude. The resistance is directly correlated to the current. After
complete oxidization, the system undergoes a short circuit and the current decreases

to zero. In summary, all of these FF'T-IS-Electrolysis results show the importance of

0 30 60 90 120 0 250 500 750 1000  125C
Time [min] Time [min]

Figure 5.27: FFT-IS analysis of the current collector-electrolyte interface. By analyzing
also the current collector, it is possible to detect possible oxidization and redox reactions

before cycling a complete battery in this type of electrolyte. The corresponding photographs
illustrate the oxidization, accompanied by an increase in parallel resistance.

this measurement technique, which should be done on a routine basis.
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5.6 Kinetic Limitation in High-Temperature Cells

It is already well known that temperature is the worst enemy of batteries. The enhanced
self-discharge leads to a complete failure of the battery. Even Tesla’s batteries, with
Tesla being the largest e-vehicle supplier, suffer the most from a driving range reduction
of around 30-50 %, if the temperature is not constant at ambient temperatures (auto
motor sport, 12.2014, [12, 13]).

Up to now, all experiments are performed at room temperature. In order to
investigate the temperature influence on the silicon wires, temperature profiles are
recorded and applied to the half cells. Cyclic voltammetry as well as corresponding
FFT-IS analysis emphasize the kinetic influences on the silicon wires. This fundamental
study is necessary to understand how the silicon microwire array anodes can be

improved to perform at high temperatures as good as at ambient temperatures.

Figure 5.28 indicates the temperature profile, which is applied to the anode at
the same time during long-term cycling experiments. Of course, the C-rate is varied
as well in order to estimate the limits of the silicon microwire arrays. Astonishingly,
after immediate C-rate increase from the starting value, the capacity fades drastically.

The step-like character in the capacity curves perfectly reflects the (external) change

80 i 0.8 @ y
i A\
— 0.4 ]
O 704 1 o
5 @ — 00 ; "/”, P
L 60 <
=] E, 04/ :
2 £ 0. p
o 50 1l € # 3
[] @ o -0.8-
g- 40 5
15 1 1 3 12
30 i -1.64
e
204 : : . . , . . 20— ' ' y ¥ !
0 200 40 } 60 } 80 100 | 10 140 160 180 00 02 04 06 08 10
Gyclé Numbér Potential vs. Li/Li
— 3500 75— : : S S . . . . . ; .
= s N HE 0.8 @
< 3000 VB H g
= 25004 i o 04 .
> — - —_
=} ~ O < 0.04 P . »
& 20004| O g o 5 R
5 T al
& 1500+ T 044 oy
L S
5 10007 1 O o8] [
@ iy
Q. 500+ 1
n 1.2
0 : : y v , . . . . . . . .
0 20 40 60 80 100 120 140 160 180 00 02 04 06 08 10
Cycle Number Potential vs. Li/Li* [V]

Figure 5.28: High-temperature cycling with silicon microwire arrays indicate a high capcity
loss with varying temperature. The adjacent voltammograms in the same temperature range,
as indicated with 1 (60°C) and 2 (40°C), show an enhanced reaction at the expense of the
partial lithiation and delithiation process.
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on the system, either by temperature variation or by C-rate modulation. The capacity
keeps decreasing drastically by nearly 80%. Possible explanations can be drawn
from the enhanced diffusion rate and kinetic limitations. As discussed in chapter
2.6.2, the reaction rate increases exponentially with temperature. A higher number of
ions move i.e. diffuse to the individual wires and try to incorporate into the anode.
The adjacent voltammograms, recorded at 40 °C and 60 °C, support this mechanism.
The current keeps increasing to the expense of the partial lithiation and delithiation
peaks, indicating a higher number of charges flowing. This means that almost no
two-step conversion exists anymore. Consequently, the structure might accelerate
to amorphize completely, thus losing its characteristic high degree of crystallinity.
Another aspect might be that the structure completely loses its stability with the
temperature impact due to the crystal re-orientation. Postmortem TEM analysis
show that the wires break in small pieces (refer to schematic in Figure 5.30) or that
cracks are induced. The surrounding SEI layer partially keeps the individual parts
together. Thus, the mechanical properties of the free-standing electrode are lost or at
least changed dramatically. These cracks might be a consequence of the inhomogeneous
distribution of the generated heat at the silicon interface in combination with potential
amorphization. Because of the higher diffusivity of Li towards the cracks and higher
local, tensile stresses around the cracks, Li favorably reacts at those points and reduces
locally the fracture toughness by breaking the covalent Si bonds [228, 229]. Looking at
the capacity of cycle 130, the fading is not reversible - the anode is irreversibly destroyed.

Normally, the capacity should increase again, when cycled at room temperature.

When discussing temperature effects, not only the electrode structure suffers,
but also the surrounding electrolyte. These tests are performed with the standard
electrolyte Selectilyte LP30. Those electrolytes slightly increase their ionic conduc-
tivity by 63 % or in the case of PC electrolytes by more than twice the initial value
(LP30=11.3mS/cm at room temperature, PC/EC/DMC=15mS/cm). Due to the
coupling to the diffusion, the enhanced reaction rate is evident. The high performance
cycling tests are still performed in the "safe" electrolyte range (see chapter 3.4). Below
85-90 °C, the electrolyte remains stable. Above these critical temperatures, anyhow,
the PF5 begins to decompose further under CO5 evolution in LiF and HF and Li;COs.
Anyhow, the complete wire destruction may be a result of the imperfect SEI layer,
which also reacts and starts to dissolve with temperature. The continuous reaction of
the SEI layer with the "hot" electrolyte leads to a periodic re-arrangement of the SEI

layer. As the homogeneity of the SEI layer is a requirement, as discussed in chapter
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5.2, for a successful cycling, strong hints lead to the conclusion that this is at least
one possible failure mode. The viscosity of the electrolyte was found to be equally
important for the performance. With increasing temperature, some processes inside
the electrolyte start because they are thermally activated, especially, an increased
ring-opening process is noticed. Consequently, a higher degree of polymerization is
observed. Due to the complex interaction between the sheer stress and the cohesive
forces inside viscous fluids, no viscosity increase follows the enhanced polymerization
at elevated temperatures. Instead the electrolyte is even more liquid-like. It is even
more pronounced in the high performance electrolyte with the addition of PC, which
shows severe capacity loss. Figuratively, the approach is to improve the thermal
stability of the silicon microwire array anodes and to keep the kinetic limitation to a
minimum. Therefore, Figure 5.29 shows the improved cycling behavior with boron

nitride infiltration As indicated, the BN flakes are not completely integrated or coated
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Figure 5.29: Improved high-temperature cycling of silicon microwire arrays with additional
BN nano-composites. The benefit of BN is clearly seen with C-rate variation, also at 2 C.

along the wire walls but only the wire tips are covered with this nano-composite.
Subsequent EDX analysis indicate that also the first 10 pym are covered with a thin
boron layer. This infiltration enables a) a capacity increase by a factor of 2 with a
C-rate increase by a factor of 10, b) a stable capacity also at 40 °C without irreversible
losses, ¢) hardly any capacity loss when cycling with 1 C' and d) a stable capacity at
80°C. Reference measurements at room temperatures with BN, anyhow, indicate a

rapid capacity decrease from the beginning.

The capacity decrease at 2 C' in Figure 5.29 at 60°C is the result of kinetic
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limitation. The enhanced diffusion leads to kinetic limitation, in order to prevent the
structure from mechanical failure. The subsequent capacity increase re-establishes
exactly that: the structure is still perfectly intact. Thus, the positive effect of BN
is attributed to the improved mechanical stability of the wires due to the additional
stabilizing plane and the high specific thermal capacity. The high thermal capacity
C, = 0Q /T allows to transfer the amount of heat outwards, directing it away from
the wires. Of course, additional layers always add to the total series resistance of
the system. It slightly increases the necessary voltage for the incorporation at 2 C'
with every new cycle, i.e. with every cycle the voltage limitation during cycling is
reached earlier and the total time of cycling increases. Thereby, the C-rate is reduced
to only 2.5 C*. Nevertheless, the question is whether charging at higher C-rates in

this temperature range is necessary.

The most important part is that the tips are covered. TEM experiments show
that the small tips start to amorphize at first [192], see Appendix A3, which indicate
diffusional problems inside the electrolyte. By protecting these tips from the electrolyte
influence and thereby slowing down the amorphization process, the high degree of
crystallinity is maintained, which allows to form highly lithiated phases. It is likely
that the formation of the metastable Lij5Siy phase is prevented. This directs the
discussion to another point: The temperature at the interface is dissipated in a more
efficient way, having the same temperature at every point. As a consequence, there will
not be any local temperature difference at the silicon-electrolyte interface, which would
lead to temperature-induced stress and cracks (unidirectional thermal expansion). In
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Figure 5.30: Efficiency increase at higher C-rates with BN infiltration. Without BN, the
capacity drops to a third. With higher thermal capacity, an increase in heat will not directly
relate to an increase in temperature, thus acting as buffer to the wires. Both schematics
illustrate the power of the BN nano-composites. It does not lead to temperature induced
cracks, maybe also because the temperature is dissipated in a more controlled way due to
the good thermal properties of BN.
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summary, the silicon microwire arrays perform exceptionally well also at elevated
temperatures by enhancing the mechanical properties of the electrode with BN flakes
using the high thermal capacity. This coating enabled a total capacity increase of over
70 % at standard C-rates, independent of the temperature, and an increase of 67 %
for higher C-rates like 1 C. In order to get a feeling for the dimensions: Suppose that
the 60 kWh battery of the Tesla S has a driving range of 100 km at a surrounding
temperature 40 °C. An efficiency increase of 70 % would lead to a driving range of
300 km.
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Chapter 6

Summary & Outlook

This work emphasizes the large potential of silicon microwire anodes for lithium-ion
batteries and discusses several improvements to reach stable anodes, based on a
fundamental understanding of the interaction of the electrolyte, the SEI, and the
mechanical stability of the silicon wires. It indicates the potential of the anode,
but more importantly, it can also be seen as a guideline or schedule, what to do to
successfully fabricate highly-stable electrodes. The results are not limited to silicon,
but can be applied to all systems with a high degree of order. The most important

results are highlighted and summarized again throughout this summary:

Highly-ordered structure with optimal geometry, like size, length, thickness

and shape

In this thesis, it was demonstrated how important the correct size and length is and
how it influences the lithiation potential and voltage ranges during galvanostatic
charging processes. Correct thicknesses for anodes have been discussed for a very
long time in literature, e.g. nano- or micro-sized structures are more favorable for
lithiation. This thesis with its publications gives a first, clear indication about the
optimal thicknesses and lengths for silicon wire anodes. The entropy minimization
is crucial in the different existing anode geometries. Paste electrodes mostly suffer
from the interaction of the structures with each other, creating voids around the
active material. Due to the random distribution of the silicon inside these anodes, the
particle-particle interaction is enhanced and the volume expansion could be performed
to every direction. Consequently, the void formation leads to a mechanical loss of
the active material to the current collector and most commonly to pulverization and
disintegration of the complete anode. If, on the other hand, the volume expansion
could be restricted in advance, like for the silicon microwires, the disintegration could

be minimized.
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Correct charging rates and deliberate capacity (SOC) limitations during
charging.

This thesis successfully showed that the correct cycling parameters are crucial to
obtain a high cycling stability. Because of the precise and detailed understanding
of the impact of cycling rates and SOC limitations on the formation of the SEI and
consequently on the silicon anode, the anode could be successfully charged in only 12
minutes, a decrease in charging time by a factor of 10, while maintaining the stability
of the anode. Reducing the C-rate in the beginning allows to establish a stable SEI
layer, which is a direct requirement to enhance C-rates during cycling. Like that, a

high degree of crystallization is established, responsible for the stable capacity.

Viscosity and ionic conductivity of an electrolyte.

FFT-IS analysis demonstrated how the viscosity changes for a high-performance
electrolyte leading to high-performance electrodes. The viscosity (together with the
ionic conductivity, connected by the Walden rule) is decisive to intrinsically establish
an additional mechanical support for the active material. The mechanical support
is produced in form of the SEI layer. Passivating SEI layers always form at the
electrolyte/electrode interface. Due to the fact that they always form, they cannot
be neglected in all of the discussions; otherwise, the models would be falsified. The
SEI layer is made out of polymeric and lithiated products of the electrolytes and
is a direct result of change in viscosity of the electrolyte. It is quite difficult to
characterize only passivating layers around materials. In-situ FF'T-IS analysis is very
sensitive to diffusion phenomena. They can reproduce and model this behavior in direct
dependency on voltage and time. The addition of PC to the standard electrolytes
allows a very long-term stable electrolyte and tends to chemically retard further
electrolyte decomposition. Consequently, an anode can be cycled much longer because

electrolyte aging could be minimized.

For complete full cells, it was demonstrated that the viscosity here is even more
important. There, electrolytes contain salts which negatively influence the SEI layer
and the performance. If those negative influences can be avoided in such a way that
the basic SEI layer is thick and elastic, the direct interaction between co-salts and

electrode are buffered.
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Mechanical stabilization by elastic SEI during lithiation

By adding PC into the electrolyte, the SEI layer was similar to a viscous fishing net. It
can move and expand, with the silicon wire still inside. During lithiation, compressive
stresses are put upon the wires, reducing the driving forces for further lithiation,
leading to amorphization or disintegration of the anode. By systematically modifying
the properties of the SEI layer, these stresses could be reduced and the crystallinity
is maintained. Such a modified SEI layer enhances the mechanical stability of the
free-standing electrode and can protect it from mechanical failure due to large changes

in current density.

Self-stabilization by single crystal growth

The crystal growth needs a permanent and surviving seed crystal. The architecture
of the anode is designed in such a way that parts of the wires are embedded and
electrochemically inert during lithiation having a reservoir of seed crystals. The
elasticity of the SEI layer, thereby, creates enough force on the individual silicon wire
to support the single crystal growth and equalizing the partial pressure difference due
to an increase in pressure during lithium incorporation. Consequently, the SEI keeps
the crystal structure and the solid solution together. In case of an amorphization
process, the SEI layer has to be even more elastic because the partial pressure difference

between a perfect single crystal and a solid solution is even larger.

The excellent performance, the long-term stability as well as the fast charging
could be attributed to the re-crystallization and single crystal silicon growth. The
wires are etched and aligned in the <100> direction. Lithium diffusion and the single
crystal growth of silicon are anisotropic processes. Lithium diffusion is slowest, and
the crystal growth are fastest in the exact same direction, as the wires are etched.
Thus, the analysis showed that this direction is essential for the good performance of

the silicon wire arrays.

FFT-IS as tool to analyze processes inside the electrodes.

FFT-IS is used throughout this thesis in order to study in-situ the voltage and time
dependent processes which limit and trigger the phase transformations inside the
silicon wire arrays. Future work will concentrate on the cathode research in order to

use the potential of the here-proposed silicon wire array anode. The anode has a very
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high areal capacity which is beneficial. Unfortunately, no compatible and comparable
cathodes with equal areal capacities exist up to now. Combining the anodes with
cathodes of smaller areal capacity would lead to a full cell with very low capacity. The
recipe for the electrolyte compatibility was covered in this thesis, where the viscosity of

the aprotic solvents has to be adjusted in order to allow for a thicker SEI formation.

On the anode side, future research will concentrate on adapting the findings and
recipes of this thesis to an electrode system which can be made commercially available
and cheaper than this approach. The approach is based on a porous thin film, which
is electrochemically etched on a large area etching tool. In order to characterize this
electrode system on a large area, a new large area diagnostic tool is developed during
this thesis [230]. Compared to the array anodes, this approach is an industry-related
approach where time and money play a crucial role. Therefore the etching process
itself is adapted to the time scale of solar cell production. One wafer of large area
(15 x 15 cm?) can be etched within 30 minutes, depending on the pore size, distribution,
and thickness. The guideline of this thesis helps to transfer the important parameters
for a successful electrode to this porous layer electrode system to replace existing

electrodes.

This summary and conclusion visualizes how important it is to understand each
individual component of a battery system, because they interact with each other and
influence one another. Therefore, it is not enough to know every detail about one
component. Furthermore, it is essential to analyze the interface and the interplay
between the components. The reactions at these interfaces are the limiting factors
of a battery and have to be understood. With a profound understanding of these
interfaces, especially the complex interaction between the silicon and the electrolyte,
the cycling performance was successfully increased by a factor of 10. The SEI layer
is the gear between the electrodes and the electrolytes and got too little attention.
By keeping the gear lubricated, the electrode works. If, on the other hand, the
lubricant gets lost, the electrode will lose its functionality. By understanding these
interactions, a new electrolyte is designed with increasing viscosity during lithiation
and a stable electrochemical dynamic. It is well known that electrolytes can improve
the cycling performance, but the electrolytes themselves are hardly electrochemically
investigated. A specially designed impedance spectroscopy method demonstrate how
electrolytes can be studied quantitatively, acknowledging the necessary parameters for

a high-performance anode, even prior to a complete battery test run.
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Electrolyte variation

The properties of the used salts as well as lithium salts are summarized in Table A.1:

Solvent Viscosity  Dielectric Constant
cP

1,3-Dioxolan (DOL) 0.59 7.1
Propylene Carbonate (PC) 2.53 64.92
Ethylene Carbonate (EC) 1.9 89.78
Diethylene Carbonate (DEC) 0.75 2.8
Dimethyle Carbonate (DMC) 0.59 3.11
1,2-Dimethoxyethan (DME) 0.46 7.2

Table A.1: Overview of used solvents and lithium salts used in this thesis depending on
the viscosity and dielectric constants [77, 94, 95].

The sulfur electrolytes all contain the basic lithium salt with varying concentra-

tions, summarized in Table A.2:

Lithium salt  Solvent 1  Solvent 2 Additive

0.7 MLiTFSi Dol (1) DME (2)

0.7 MLiTFSi Dol (1) DME (5)

0.7 MLiTFSi Dol (1) DME (2) 0.1 MLiNOs

0.7 MLiTFSi Dol (1) DME (2) 0.25MLiNOs
IMLiTFSi Dol (1) DME (1) 0.1MLiNOs

Table A.2: Overview of solvent and lithium salt composition for sulfur electrolytes. In
brackets, the individual ratios are indicated [66, 181, 216].

A.1 Electrolyte Aging

When adding DOL to the standard Selectrolyte LP30, the LiPFg is completely con-

sumed and decomposed. The aging of the electrolyte means that after six days a
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complete precipitation occurs. This precipitation is studied by Raman spectroscopy in

Figure A.1. The peaks of the solvents are completely missing.

Upon mixing both electrolyte components together, an exothermic reaction occurs
with heat generation. This exothermic reaction leads to a complete hardening of
the electrolyte. Such electrolytes lead to a pore blocking or void volume blocking
between the individual silicon wires, as indicated by the SEM images. DOL as such is
not very viscous, but may lead under exothermic reaction to cationic polymerization.
For an electrolyte it is not very suitable because it is necessary that the lithium salt
stays constantly inside the electrolyte. And not only that, for a long-term cycling
experiment, it has to be stable the complete time because it has severe consequences
on the SEI formation as well as SEI dissolution in combination with the degradation
products and precipitations. The purpose of this electrolyte mixing is to underline the
electrochemical stability of the electrolyte in the impedance data, in correlation to
chapter 5.2.3. The region 3 indicates the electrochemical stability. With this electrolyte,
the periodic maxima and minima are separated in additional peaks, indicating that

there are additional reactions continuing because of the decomposed electrolyte.
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Figure A.1l: Electrolyte aging with DOL electrolytes. An exothermic reaction inside the
electrolyte leads to a complete polymerization of the electrolyte. Nevertheless, it is not
stable and a precipitation of the reduced LiPFg occurs. Raman spectroscopy measurements
compare the three electrolytes, upon which it is emphasized that the complete solvent is
missing after aging.
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A.2 High Temperature cycling

A.2 High Temperature cycling

The infiltration with BN showed the stabilization of the structure (refer to chapter
5.5). The corresponding EDX analysis (Figure A.2 and A.3) indicate that boron and
nitrides are also found at the walls of the wires up to 10 pm from the tips. This
helps to dissipate the generated heat at the silicon-electrolyte interface and avoids

the amorphization process. The TEM analysis emphasize the cracks induced by

Figure A.2: EDX postmortem analysis of the BN infiltrated silicon wires. It is beneficial
that not the complete wire is covered with BN because it is electronically insulating and
would limit the capacity rather than contributing positively to it.

temperature. The diffraction pattern indicates as well that the structure is almost

completely amorphous. The BN can be assumed to be "self-healing".

A.3 Chemo-mechanical interactions depending on

binding material

The fundamental analysis of paste electrodes revealed void formation around silicon
wires due to the interaction of the binder, the conductive carbon and the silicon wires.
Thereby, it was revealed that the materials used in the paste have to be considered
in their interaction with the active material. As a comparison, Figure A.4 shows
the three time constants for polyvinyldifluoride (PVDF) as binder material. The

basic difference between both materials is their interaction with the electrolyte and
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| SE Lt

Figure A.3: TEM analysis of the silicon wires cycled with temperature. The induced
cracks indicate a mechanical failure of the wires and loss of active material for cycling.

the material. This is clearly seen in the time constants, especially in the first cycle
during the SEI formation. The comparison of the time constants show the difference
of magnitude between 7, and 73. The recorded current of the voltammogram shows at
0.8V (50 minutes) a clear defined maximum, which indicates the formation of the SEI.
Astonishingly, the charge transfer process inside the paste with PVDF is three times
slower than with CMC, as discussed in the manuscript. PVDF does not chemically

bind on the silicon. Furthermore, upon volume expansion it is known that it cannot
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Figure A.4: Chemo-mechanical interactions in paste electrodes with PVDF binder ana-
lyzed with impedance spectroscopy, in analogy to 4.2
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accommodate the volume expansions without leading to disintegration of the silicon
particles [154, 163, 231, 153]. Upon contact with the electrolyte, Che et al. stated
that the mechanical properties change significantly, which are demonstrated in the
time dependent behavior of the first and fastest time constant 7;. PVDF adsorbs
the electrolyte and swells up. Thus, the bonds, which are already weak due to weak
van der Whaals forces, lose their boning strength even more. Consequently, if the
silicon wires expand during volume expansion, the tensile and adhesion forces of the
binder towards the silicon interface are not adequate to maintain good mechanical
stability. The binder has a poor restoring force, which leads to a fast disintegration
and pulverization of the paste electrode with this type of binder [154, 231, 153]. Here,
the steady increase of the time constant up to the first delithiation peak indicates
the interaction of the silicon with the paste. Postmortem SEM analysis in Figure A5
reveals the voids i.e. the disintegration of the wires from the paste. (This behavior
is not a preparation artefact, but due to the cycling of the paste electrode.) At the
phase transformations, specified by the dashed line, the series resistance losses decrease
which is accounted for the stabilization of the SEIL. In comparison, the hydrogen bonds
of the cellulose interact and adsorb on the silicon surface. Therefore, the adhesion
strength at the interface is enhanced. As a consequence, paste electrodes with cellulose
show better performance. Nevertheless, as this impedance study showed both binding

materials impede limitations on paste electrodes [154, 231, 153].

Another important parameter is the influence on the charge transfer kinetics.
While 7 and 7, follow the same behavior with time, 73, on the other hand, shows
completely different behavior. Exactly during the first lithiation process, the charge
transfer is severely slowed down by the use of a different binder. Also here it shows a
stabilization of the behavior when the phase transformations appear. The influence
of the SEI formation slows down every process in the paste electrode. This is more
pronounced in the paste where PVDF is used. On the other hand, if the first contact
with the electrolyte slows down the charge transfer of the ions into the silicon, a slow

lithiation process encounters the disintegration due to the volume expansion.

In summary, a binder should show good adhesion strength towards the silicon
interface and also towards the current collector. If these adhesion forces are reduced,
the active material suffers from void formation. With ongoing cycling, a complete

disintegration is observed due to the mechanical failure of the binding material.
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A.4 FFT-IS with varying state of charge (SOC)

As previously discussed in section 5.3.3, thin and longer wires show better lithiation
and delithiation behavior. Simultaneous FFT-IS analysis gave additional information
about diffusional and kinetical limitations, if the C-rate is increased and the SOC as
well. Figure A.5 shows in a matrix-like representation the change in time constants
with the parameter increasing SOC. This analysis allows to track the history of the
previous experiments. Any lithiation will change the state of charge of the anode.
Therefore, the FFT-IS measurements show only the first cycle, in order to reproduce
what happens when cycling the anodes. TEM analysis showed that the inner core
of the wires stays crystalline, which has an impact on the charge transfer kinetics.
As shown in Figure 5.20, the movement of the lithiated phase produces compressive
stress. This stress and the driving forces for the lithiated phases do not necessarily
reduce, especially not, if the stress is transferred form the inside to the outside due

to an elastic SEI layer. (These measurements are still performed with the standard
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Figure A.5: FFT-IS analysis after pre-lithiation of silicon microwire arrays with varying
state-of-charge. The time constants change upon changing the SOC for the wire arrays.
The cycling conditions are the same as for the structural characterization. The SOC ranges
from no pre-lithiation (0 %) to absolutely no capacity limitation (100 % SOC). The wires
in the array electrode have a thickness of 1.2 ym and are 60 pm long. They can be directly
compared to the individual study above.
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A.5 Electrolyte variation and influence on crystallinity

electrolyte system to identify the charge transfer kinetics and correlate them to the
XRD and TEM results.)

A.5 Electrolyte variation and influence on

crystallinity

As discussed, different cyclic and linear carbonates are tested throughout this thesis. In
addition, even esters and ethers are investigated in addition to the standard electrolyte.
Figure A.6 summaries the cycling performance with carying cyclic carbonate as well as
linear carbonates, esters and ethers. Electrolytes commonly used for sulfur electrodes,
it is necessary to investigate the influence of the electrolyte and its components on
the silicon performance, as discussed in section 5.3. The first row is attributed to
the anode electrolytes and its components. The second row summarizes the different
sulfur (cathode electrolytes), even adding sulfur to the electrolyte, which is commonly
known as catholyte. Not only the anode electrolyte, but also the single components of
the sulfur electrolyte is tested in order to check for the compatibility of the silicon
anode with a suitable sulfur cathode. For the anode electrolytes, it is evident that

adding PC to the electrolyte and even interchanging a third, linear carbonate DME
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Figure A.6: Cycling performance with varying electrolytes divided in anode and cathode
electrolytes indicating the changes to the individual electrolyte systems. anode electrolyte:

every 10/0/60/20/20/0. sulfur electrolytes: i) 4/20/20/50/50/50, ii) 4/4/100/4/4/4, iii-iv)
every 5 cycles.
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will result in good long term stability, but most importantly, to the reported high
charging rate. iii) indicates repeatedly this behavior with a charging rate of only 12
minutes. The step behavior in the cycling curves, which is seen in almost all of the

tested electrolytes, is the result of the C-rate increase. Typically, the electrolytes are
tested between C/10, C/5, C/2, C, 2C and 5C.

The individual electrolyte components have an influence on the crystallinity and
thereby on the mechanical stability of the wires. As discussed, the restoring force of the
SEI layer on the wires has to be large enough to maintain the single crystal. In other
words, if the SEI layer cannot withstand the partial pressure difference due to the large
volume expansion and C-rate, the crystallinity of the wires changes drastically. As an
example, four differently cycled silicon microwire anodes are investigated with ex-situ
TEM and summarized in Figure A.7. The differences are evident in the corresponding
SEM and TEM images. The difference between the standard and the PC electrolyte
are discussed in detail in this work. The elasticity of the PC SEI layer is very high
and enough (the correct amount of force) is implemented on the wire, in order to
maintain the crystallinity even after high charging rates. In contrary, LiNO3 additive
on the sulfur electrolytes results in an almost complete amorphization of the silicon
wire. The SEI layer in these electrolytes is very thin and not very elastic, as indicated
by the SEM image as well as by the FFT-IS measurements. Consequently, the wires

are prone for mechanical failure and cannot carry as much current as the PC cycled

Figure A.7: TEM investigation on differently cycled wires with the corresponding SEM
and TEM images a) the standard electrolyte , b) PC electrolytes, ¢) LiNO3 and d) DEC
electrolytes.
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wires. The same holds for the DEC samples. Here, the surface oxidation is not as
severe as for the previously discussed samples. Nevertheless, the amount of oxygen is

enough to lead to a very thin SEI layer and cracks inside the silicon.
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