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Abstract

This thesis focuses on the use and development of electrospinning for manufacturing
polymeric electrolytes for secondary solid-state lithium metal full cells and the
electrochemical performance of these cells. Solid-state lithium metal batteries are in the
focus of many researchers globally, especially due to their intrinsic advantages, e.g.,
enhanced safety and improved energy density compared to standard lithium-ion batteries.
Unfortunately, solid electrolytes have drawbacks regarding the ion migration and
conduction. Electrospinning can be one mean to improve.

In this study two different polymeric electrolyte systems are investigated.

Polyethylene oxide-based electrolytes are used to compare solution-casted and
electrospun electrolytes within a lithium metal full cell set-up using different electrochemical
and physical analysis methods.

Development work is carried out to achieve an optimized Polyfluoric sulfonic acid-based

electrolyte in the second part of this thesis.

Kurzfassung

Diese Arbeit befasst sich hauptsachlich mit der Verwendung und Entwicklung des
Elektrospinnings zur Herstellung von polymerischen Feststoffelektrolyten fiir sekundare
Lithiummetall-Vollzellen sowie der elektrochemischen Performance solcher Zellen.
Feststoffelektrolyte-Lithiummetallzellen erregen das Interesse von Forschern weltweit,
besonders aufgrund ihrer intrinsischen Vorteile, z.B. einer erhéhten Sicherheit und einer
verbesserten Energiedichte verglichen mit Standard-Lithiumionen Batterien. Leider haben
Feststoffelektrolyte Nachteile in Bezug auf lonenmigration und -Leitfahigkeit.
Elektrospinning kann einen Weg darstellen, dies zu verbessern

In dieser Studie werden zwei unterschiedliche polymerische Elektrolytesysteme untersucht.
Polyethyleneoxid-basierte Elektrolyte werden verwendet, um die Eigenschaften von
gegossenen und elektrogesponnenen Elektrolyten in Lithiummetall-Vollzellen mithilfe
verschiedener elektrochemischer und physikalischer Analytik zu untersuchen.

Es wird im zweiten Teil dieser Arbeit Entwicklungsarbeit geleistet, um einen optimierten

Elektrolyten auf Polyfluorsulfonsdure-Basis zu entwickeln.

Electrospun polymeric electrolytes and their use in All-Solid state batteries
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1. Motivation

One of the greatest challenges in modern history is posed by the climatic change. Extreme
weather phenomena have been recorded with an increasing rate and have caused
increased awareness towards the global warming caused by the increasing emission of
greenhouse gases, such as CO;, CH4 and CF4 [1]. These gases have been related to
human activities since the industrial revolution. To lessen or even prevent damages to
humans, infrastructure and economies, a maximum temperature increase of 1.5 °C, in
reference to temperature levels before industrial revolution, has been proposed by the IPCC
[1] and was adopted by the Paris agreement as an global goal [2].

To achieve this goal, emission of greenhouse gases must be reduced, especially using
technologic means. Replacing fossil fuels with clean energy from renewable sources, e.g.
wind or solar power, is crucial therefore. Sterchele et al. [3] discuss possible developments
for energy systems in Germany to fulfill the goal of a CO.-emission reduction of up to 95 %
by the year of 2050. In this study, technical feasibility as well as social implications are
studied. Two of the most important findings in this study are: 1. The climate goals can be
achieved based on renewable energies from a technical point of view [3] and 2. In case
wind power cannot be used in an optimal way, solar power can be a suitable substitute; this
indeed leads to an increased demand for energy storage systems (values of 50 - 400 GWhe
are assumed) and higher costs [3]. According to data publicly provided by the Fraunhofer
ISE institute, 52.4 % of the net public electricity generation for Germany in 2020 was already
provided by renewable energy sources (see Figure 1).

Another point where a high potential for CO,-reduction is possible is the mobility sector.
Especially, battery-electrical cars play an important role in achieving the set goals. The
german government aims to raise the number of electric cars to 10 million in the year 2030
[4]. According to the Kraftfahrtbundesamt (Federal Motor Transport Authority) in share of
electric cars was roughly 1 % in 2018 [3].

Not only in Germany electromobility becomes more and more important. For the global
electric vehicle market, McKinsey & Company assumed an annual growth of 60 % for 2015-
2018. Especially in Asian markets, demand for electric cars is on the rise [5].

From these points it can be seen that energy storage plays an important role. Especially for
electromobility application a high energy and power density, long battery life and low costs

are desired. Lithium-lon Batteries (LIBs) fulfill these requirements to a satisfactory level.

Electrospun polymeric electrolytes and their use in All-Solid state batteries
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Energy-charts Net public electricity generation in Germany in 2019 ZZ Fraunhofer

Others:
2.61 TWh (0.5%)

Hydro Power:
20.60 TWh (4.0%)

Biomass:
43.86 TWh (8.5%)

Gas:

52.90 TWh (10.2%)
QOil: -

0.75 TWh (0.1%)

Hard Coal:
49.50 TWh (9.6%)

Wind:
125.98 TWh (24.4%)

Brown Coal:
101.92 TWh (19.7%)

Solar:
47.52 TWh (9.2%)

Uranium:
70.99 TWh (13.7%)

@ Hydro Power @ Biomass Wind Solar @® Uranium ® Brown Coal
@ Hard Coal ® oil Gas ® Others
Data Source: SO Hertz, Amprion, Tennet, TransnetBW, Destatis, EEX; Last Update: 30.07.2020, 11:14 MESZ

Figure 1 Net public electricity generation in Germany 2020 - Source:

https://energycharts.info/charts/energy_pie/chart.htm?l=en&c=DE&year=2019

The characteristics of the element lithium explain its feasibility for electrochemical storage.
With a molecular weight of 6,94 g/mol and a density of 0,53 g/cm? it is a very lightweight
material, thus boosting high energy densities. It is the most electronegative of all metals,
with a voltage of -3,04 V against the standard hydrogen electrode and therefore enables
high cell voltages. Its small ionic radius enables high power densities by allowing fast (de-
)intercalation reactions in electrode materials.

Approaches to lithium ion batteries date back as early as the 1970s, when first primary
lithium ion batteries were assembled [6]. These batteries became popular for small, portable
applications like watches or calculators. The findings of intercalation materials for electrodes
enabled the manufacturing of secondary lithium ion batteries, with a first commercially
available battery by Sony, market introduced in 1991 [6]. Since then, researchers all around
the world are trying to improve these batteries or create new concepts based on the lithium
chemistry. The importance of the lithium-ion battery was emphasized by the Nobel prize
committee, awarding the 2019 Nobel prize in chemistry to John Goodenough, Stanley

Whittingham and Akira Yoshino for their groundbreaking research on the field.

Electrospun polymeric electrolytes and their use in All-Solid state batteries
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1.1 Advantages of All-solid-state Lithium-ion batteries (ASSBs)

Among the many interesting fields in lithium-ion battery research and development, solid
state electrolytes receive an increasing interest due to its advantage over liquid or gel
electrolytes. The main difference between a liquid electrolyte lithium-ion battery cell and an
ASSB is the complete omission of organic solvents in the finalized ASSB cell; during
manufacturing organic solvents can still be used, but all components have to be dry after
assembly of the cell. This leads to an obvious improvement in cell safety, as no flammable
liquids can lead to fire or build up explosive gases [7—11].

Using solid-state electrolytes can also enable new innovative cell formats and designs [11].
Another advantage compared to liquid electrolytes is an increase in energy density [7-11].
Conventional Lithium-ion batteries using intercalation electrodes are currently approaching
their theoretical limit regarding specific energy and energy density [10]. One way to solve
this problem is the usage of metallic lithium as an anode. This approach has also been tried
for liquid electrolyte systems and it can in principle be applied [10]. These battery cells
unfortunately suffer from dendrite growth resulting in short circuiting and accordingly show
a poor cycling efficiency [10]. Solid electrolytes can be designed to suppress Lithium
dendrite formation on metallic Lithium anodes [12].

In addition, solid electrolytes can have a selective ion mobility, meaning that only the lithium
ion is mobile. This enables battery cells to have a transport number near unity [13].

Last but not least, ASSBs can have a wider operation temperature range, a long cycle life,

a higher charge rate and a higher power density [10, 11].

1.2 Challenges of All-solid-state Lithium-ion batteries

Although All-solid-state lithium ion batteries receive an increased interest in the 2000s and
2010s, first approaches date back until 1957, when experiments on the ionic conductivity of
LisN have been conducted [14]. From then, three main types of solid-state electrolytes have
been developed: polymeric, inorganic, and composite electrolytes.

Research on polymeric electrolytes started, when Fenton et al. found Polyethylene oxide
(PEO)/alkali-metal salts complexes are ionically conductive and Armand used these as solid
polymeric electrolytes [14]. This research sparked the attempts for using solid electrolytes
based on PEO.

Electrospun polymeric electrolytes and their use in All-Solid state batteries
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lonic conductivity

Electrolyte Source
[S/em]
PEO/EC/PC/TIO2/LiCIO4
12.73 —85.13 x 107° [15]
(electrospun electrolyte)
PEO/EC/PC/TIO/LiCIO4
. 6.40 — 6.80 x 107° [15]
(solution casted electrolyte)
PEO/EC/MWCNT/LICIO4
9.60 — 48.00 x 107 [16]
(electrospun electrolyte)
PEO/EC/MWCNT/LICIO4
11.00 x 1076 [16]

(solution-casted electrolyte)
PEO/EC/various Li-salts

9.00 — 330.00 x 107¢ [17]
(electrospun electrolyte)
PEO/SN/LIiBF4
~5—200.00 x 107° [18]
(electrospun electrolyte)
PEO/LITFSI
487 —18.36 x 107 This thesis
(electrospun electrolyte)
PEO/LITFSI
2.35—4.10 x 107° This thesis

(solution-casted electrolyte)

Table 1 lonic conductivities for different PEO-based electrolytes at room temperature

The advantages of ASSBs mentioned above are very intriguing for academia as well as for
industry. Nevertheless, developing ASSBs has many challenges to be solved in order
commercialize the technology:

- Solid-state electrolytes suffer from a low ionic conductivity at room temperature (see
Table 1) or below [14]. This is a major drawback for the technology and a huge amount
of research has already been put into it. There are some methods on tackling this issue:

o Development of new electrolyte materials for all electrolyte types [14, 19, 20]

o Doping electrolyte materials with solid or liquid dopants (e.g. nanotubes or ionic
liquids) [14, 21-23]

o Modifying the morphology and structure of the electrolytes by special production
methods [15, 16, 24, 25]

Electrospun polymeric electrolytes and their use in All-Solid state batteries
4



mmo

Large interfacial resistances at the electrode-electrolyte interface pose a problem for

ASSBs [14, 26]. Resolving this issue is in fact very complex, due to different possible

causes for it [14, 26]. There four requirements to the electrode-electrolyte interface:

O

Physically adequate contact and contact area [14, 26]: Surface
roughness of the electrodes and the electrolyte can lead to a small
effective contact area. Volume changes of electrode materials during
cycling can worse this effect [14]. Possible solutions to this problem
depend strongly on the used type of electrolyte. For example,
temperature and pressure are known to improve interfacial impedances
in sulfide-based solid-state electrolytes [26]. Also, different electrode
deposition techniques can be used, e.g. thin film deposition of electrodes
for LIPON-based systems, but lack of scalability and cost-effectiveness
[26].

Compatibility of electrode and electrolyte materials [14, 26]:
Incompatibilities between electrode an electrolyte often result from
space-charge effects, chemical or electrochemical instabilities or
interdiffusion [14]. Known approaches from literature for this issue are
the introduction of either a buffer layer coating or an artificial SEI [14].
Interfacial stress variation [14]: Stress induced by the volumetric changes
of the electrodes during cycling pose a great problem for ASSBs. They
can result in the loss of contact area as well as in degradation of the
electrolyte and/or electrode material by formation of a new SEI layer.
Introducing a layer between the interfaces can resolve this problem [14],
with the advantage, that this interlayer can be engineered to resolve
other problems like the incompatibilities mentioned above [14]. Another
approach is to structure the electrodes or an electrode matrix [14].
Migration and diffusion of chemical elements [14]: The mutual diffusion
of elements between the electrode and the electrolyte can result in a
degradation of the interface. Solutions indicated by literature include the

surface modification, e.g. by nanoparticles, and using an interlayer [14].

Electrospinning has become more and more popular in the research community and

therefore there have been approaches to use in battery research. Especially the works from

Freitag et al., Walke et al. and Banitaba et al. have to be mentioned here [15, 16, 18, 24,

25]. This thesis aims to deepen the understanding of the impact of the fiber morphology on

Electrospun polymeric electrolytes and their use in All-Solid state batteries
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the characteristics of polymeric solid-state electrolytes and their behavior in NMC411/Solid-
State Electrolyte/Li -Full cells. In addition, a different material combination will be optimized

for the electrospinning process and tested for its feasibility as a solid-state electrolyte.

Electrospun polymeric electrolytes and their use in All-Solid state batteries
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2. Theory and experimental methods

2.1 Electrospinning Background

2.1.1 Introduction

Electrospinning uses the forces of electrical fields to generate micro- to nano-fibers from
solutions or melts [27]. Although patented already in 1900 by John Francis Cooley [28], it
has become more popular due to the huge variety of fiber modifications and polymers
possible, e.g. porous or bi-component fibers with different morphologies [27]. In general, an
electrospinning set-up consists of a solution or melt reservoir, a feed towards a conductive
emitter connected to a high-voltage source and a grounded collector (see Figure 2). The
solution or melt is pumped from the reservoir to the emitter. The strong electrostatic forces
deform the liquid into a cone shape, the so-called Taylor-Cone [27] until the surface tension
is overcome and a fiber jet is formed. The jet is then guided by the electric field towards the
grounded collector, forming instabilities essential for fiber elongation and diameter
narrowing [27]. During the process the solvent evaporates, and dry fibers form a non-woven
mat on the collector.

Correct process parameters are crucial to the characteristic of the resulting fiber mat.

(6]

Figure 2 Schematic of a single-needle electrospinning set-up consisting of a solution or melt reservoir (1), a feed

(2), a conductive needle (3) connected to a high-voltage source (4) and a grounded plate collector (6). A

schematic fiber jet is also shown (5).

Electrospun polymeric electrolytes and their use in All-Solid state batteries
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Important parameters are voltage, flow rate of the liquid, rheology of the solution, ambient
conditions (e.g., relative humidity and temperature) and distance between emitter and
collector. These are mainly machine parameters and can therefore be controlled and altered
during the process. The parameters of the solution cannot be controlled during spinning and
have to be chosen carefully, since the concentration, the used solvent and the dispersant
(e.g. molecular weight in case of a polymer solution [27]) have a huge impact on the process

and the result.

2.1.2 Application and research areas

A wide range of applications is nowadays open for the use of electrospinning mainly due to
the possibility of modifying and engineering the fibers quite precisely. Some examples will
be given here.

Different characteristics of the resulting fiber mats are interesting to many different research
fields. The high surface-to volume ratio makes electrospinning interesting for applications
like filtration, catalysis or sensors and medical applications. Even in agricultural research
Electrospinning is used, for example as carrier for pesticides or fertilizers [27]. In catalysis
applications fibers are often used as a support or mold for catalyst particles [27]. In medical
applications electrospun fibers are often used as scaffolds for tissue engineering, wound
dressings or drug-release [27].

Electrospinning also finds increasing use in energy conversion and storage applications
[29-34]. Especially for fuel cells and photovoltaics electrospinning shows application
potential by providing fibrous materials in an easy way, e.g. in form of electrospun
electrocatalyst or separator membranes in fuel cells [31, 33, 35].

Energy storage systems show a great application potential, too. Besides supercapacitors,
batteries provide a growing playground for electrospinning applications [31, 33, 36]. Lithium-
ion batteries, as one of the most popular storage systems, and their derivates like lithium-
sulfur or lithium-air batteries are in the scope of researchers to be improved using
electrospinning technology [31, 33]. For LIBs using liquid electrolytes, cathodes, anodes
and separators have been manufactured or modified using electrospinning technique [29,

31, 33, 37—42]. Some research is presented here:

Electrospun polymeric electrolytes and their use in All-Solid state batteries
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e Cathodes: Various materials have been studied as electrospun cathode candidates,
like LiCoO;, NMCi11 and LiFeO [29, 31, 43]. In addition, a variety of fiber
morphologies (e.g. hollow, co-axial and porous) have been tested [29]. The
electrospun cathodes showed improvements on terms of rate capabilities,
reversibility and cycling performance [29, 31, 43] proving electrospinning to be
beneficial to battery manufacturing.

¢ Anodes: Nanofibrous anodes have been in use for some time, although they show
disadvantages like a low energy density and rate capability [31]. Research has
targeted these issues using different electrospinning methods (e.g. coaxial
electrospinning [29, 31]), modifications of the materials afterwards (e.g. thermal
treatment [29, 31]) and addition of defects [31] or nanoparticles (e.g. Nano-Si-
particles [29, 43]).

o Separators: Due to the intrinsic high surface area and pore sizes, the use of
electrospun separators can tackle the problems of separator wettability and ionic
conductivity [29]. Furthermore, electrospinning allows to modify the resulting
separators to improve thermal stability [29].

Electrospinning was also used to manufacture different solid-state electrolytes. Especially
the works of Freitag et al., Walke et al. and Banitaba et al. have to be mentioned here [15—
18, 24, 25, 44].

2.1.3 Challenges

The rise of the electrospinning technique in many different fields leads consecutively to
many different challenges according to these fields. Nevertheless, most there are general
problems to be faced for all applications of the technique. Therefore, in this subchapter only
general challenges regarding the electrospinning will be presented.

The first general problem is the finding a suitable solution. Although this problem seems to
be quite individual to the specific application, it is to be solved for all. In this thesis this

problem will be clarified for one specific solution.

Electrospun polymeric electrolytes and their use in All-Solid state batteries
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The second challenge is a problem especially in the scope of industrializing electrospinning.
Electrospinning, in case of a standard single needle, is a very slow process. Dry fiber
deposition of 0,01-0,1 g/h [27] is normal for this process. Therefore, speeding up the
process is of strong interest. There are basically three ways to resolve this challenge. One
the one hand it is possible to used multiple emitters of one kind, e.g., an array of needle
emitters. This is an easy approach, but it has some drawbacks e.g. influencing the electric
field different emitter concepts [27]. A small choice of emitter concepts is mentioned in Table

2, along with the reported dry fiber deposition rates.

Dry Fiber Deposition
Emitter Concept Source
Rate
Rotating cylinder in
_ _ 30 g/h [45]
solution reservoir
Rotating cone 600 g/h [46]
Rotating disc in
. . ~11 g/h [47]
solution reservoir
Rotating spiral coil in
. . 23 g/h [47]
solution reservoir
Twisted wire
spinneret (wire axis
: : ~1g/h [48]
vertical, solution fed
by gravity)
Tilted plate edge 0.27 g/h [49]
Bowl edge Up to 0.684 g/h [50]
Carrier-fed wire
_ ~1.2 g/h [51]
spinneret

Table 2 Comparison of dry fiber depositions rates for various emitter concepts

This challenge was also in the scope of the ,SpinnAP” project at the HAW Landshut parallel
to this thesis. Here a rotating cone emitter was designed and tested, similar to what Lu et
al. have published [46]. Especially for solid electrolyte applications, which require a certain
thickness of the electrolyte to prevent cell failures, a fast and reliable emitter concept is of

great interest in possible later industrial applications.

Electrospun polymeric electrolytes and their use in All-Solid state batteries
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2.2 Materials of different battery components

2.2.1 Electrode materials

2.2.1.1 Cathode material
Requirements for modern cathode materials are highly complex and diverse. The material’s

crystal lattices must be stable in both lithiated and delithiated states, a high specific

G L

® wvn & Ni

Figure 3 NMC 111 crystal lattice

capacity must be reached, and the materials must have a high potential against lithium
metal. In addition, safety during battery operation must be provided and production costs
must be low.

A materials class which is up to task are transition metals-based crystal structures.
Examples for materials of this class used in modern battery application are LiCoO, (LCO),
LiNiO2 (LNO), LiNixCoyAl1xyO2 (NCA) and LiNixMnyCo1..yO2 (NMC or NCM). Especially
NMC and its stochiometric derivatives are in the focus of research and industry interest [52].
NMC combines three transition metals and their advantages as cathode materials: Ni
provides a high capacity, Co and Mn provide safety and structural stability of the crystal
lattice [6, 52]. The first NMC material available in commercial battery cells was NMC11,
which was already quite successful [52]. In order to achieve the above-mentioned targets
with such a material, nickel-rich NMC (NMCss2, NMCeg22 and NMCg11) derivates have been

developed [6, 52]. NMC111 shows a layered crystal structure (see Figure 3) which benefits

Electrospun polymeric electrolytes and their use in All-Solid state batteries
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the transport of lithium with the active material [53]. In comparison to an olivine structure,
e.g. for LiFePOQs, diffusion pathways can be found in two dimensions and therefore the
activation energy for the ion transport is reduced [53].

The main disadvantages of NMC materials are the health hazard posed by the active
materials, possible thermal runaway and the use of cobalt with all the socio-economic
indications coming alongside [54].

2.2.1.2 Conductive additives

Layered oxide materials like NMC114 often show a limited electronic conductivity [55, 56],
leading to a decrease in battery performance [57-59]. To tackled this problem, active
materials are often used in small particle sizes, covered by a functionalized coating or
conductive additives are used [59-63]. A commonly used conductive additive is carbon
black. It provides a high electronic conductivity and a high surface area [64]. The high
surface area leads to high viscosities of the prepared slurries and therefore a suitable mixing
procedure with high shear forces has to be chosen [64]. The viscosity also impacts the
production techniques of the electrodes, e.g. coating of the slurry onto a metal current
collector. To ease difficulties due to high slurry viscosities, a mixture of conductive additives

and therefore a mixture of different particle sizes can be used [64].

2.2.1.3 Anode material
Central requirements to anode materials are low electrochemical potentials, a high specific
capacity and safety during use of the battery cell. Lithium metal anodes fulfill the first two
requirements par excellence with a specific capacity of 3860 mAh/g and the lowest negative
electrochemical potential of -3.04 V against the standard hydrogen electrode, it shows
enormous electropositivity even in non-aqueous systems [65]. Unfortunately, lithium metal
anodes have shown severe safety issues in regard of the use in liquid as well as solid
electrolyte battery cells mainly resulting from the high reactivity of lithium metal [10, 65-70].
The main safety problem arising from lithium metal anodes is the dendrite formation during
charging, both for liquid and solid electrolytes; therefore, this poses a great challenge for
researchers around the globe [10, 65-67, 69-83]. As already mentioned, solid electrolytes
show lithium dendrite growth too [75, 79, 81, 84—86]. Therefore, improvements are desired.
The research done on this intriguing topic has also brought upon some promising
approaches, which will be mentioned in the following:

o Electrolyte additives for liquid electrolytes [65]

o Atrtificial SEI for liquid electrolytes [65, 85]

¢ Reduction of the interfacial resistance [85]

¢ Nanostructured liquid and solid electrolytes or anodes [65, 85]

Electrospun polymeric electrolytes and their use in All-Solid state batteries
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2.2.2 Polymeric electrolytes

The advantages and challenges of ASSBs have been discussed earlier (see chapter 1),
also mentioning the three general categories of solid electrolytes: polymeric, inorganic and
hybrid electrolytes.

This thesis focuses on the use of polymeric electrolytes in lithium-ion metal anode cells,
particularly on the effect of full-cell performance for electrospun polymeric electrolyte cells.
A detailed description of all educts, methods and compositions can be found in chapters 2.3
and 2.4.

According to Agarwal et al., polymeric electrolytes can be classified into five basic
categories [87]:

e Conventional or dry polymer-salt complexes: This class is restricted to polymers with
the capability of complexing or dissolving lithium salts.

e Plasticized polymer-salt complexes: This class shows an enhanced ionic
conductivity using plasticizers, with disadvantages to the mechanical and chemical
stability.

o Polymer gel electrolytes: In difference to plasticized polymer-salt complexes, this
class incorporates liquid electrolytes for an enhanced ionic conductivity, with the
same disadvantages.

o Rubbery electrolytes: This class differentiates tremendously from before-mentioned
classes, since the amount of salt exceeds the amount of polymer, bearing the risk
of crystallization and thus losing their ionic conductivity; in the first three classes
mentioned before, the main component is the polymer.

e Composite electrolytes: Composite electrolytes are primarily polymer-salt
complexes with a small amount of inorganic filler involved. These fillers are intended
to enhance both mechanical stability and ionic conductivity.

In this thesis, polymeric solid electrolytes are referred to conventional or dry polymer-salt

complexes.

2.2.2.1 Polyethylene Oxide-based electrolytes

Polyethylene oxide-based solid state electrolytes are among the most investigated and
used in contemporary polymeric solid state electrolytes [14, 88], mainly due to their early
discovery in the 1970s [89] and their compliance to the main requirements for solid
electrolytes [88]. Thanks to the polar nature of its backbone, PEO is capable of complexing
lithium salts [89, 90]. In addition, the low glass transition temperature ensures flexibility of

the PEO chains, allowing to transport lithium ions along and across the chains [90, 91]. In
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addition, PEO shows an satisfactory electrochemical stability against lithium metal [88];

against high-voltage cathode materials (more than 4 V against lithium), PEO can be

problematic, sparking research efforts to develop solutions [92]. Other commonly known

disadvantages of PEO that hinder its use as a polymeric electrolyte are its low transference

number at room temperature [88, 93, 94] and its tendency to partially crystallize at room

temperature, leading to a decreased ionic conductivity [88] and inspiring research

ambitions. Some approaches will be mentioned in the following.

There are a variety of approaches to improve PEO as a polymeric electrolyte; the range

goes from modifications on the molecular level to structuring the material on meso- and

microscopic levels [15-18, 24, 25, 44, 88]. Most common approaches are:

Copolymerization: It can be used to add mechanical strength and/or decrease the
crystallinity of the PEO matrix and improve the ionic conductivity by grafting two
polymer chains with special characteristics together [88, 95].

Crosslinking: In contrast to copolymerization, crosslinking does not involve a second
polymer but rather the same polymers and crosslinking agents. The aims of the two
methods are the same [88].

Hyperbranching: This method targets the crystallinity of the polymers and shows the
potential to greatly reduced it, leading to an immense improvement of ionic
conductivity [88]. It is sometime combined with crosslinking [88].

Blending: 1t is one of the simplest approaches to suppress the crystallinity in
polymers. Unfortunately, indentations in terms of mechanical stability have to be
accepted [88].

Composite electrolytes: Adding inorganic particles to the corresponding polymer
electrolytes has been one of the most used methods to tune electrolyte
characteristics [44, 88, 96-106]. Advantages are the improvement of ionic
conductivity and mechanical strength without losses in terms of mechanical
flexibility.

Structuring of the electrolyte: Structuring the electrolyte can take place on different
levels: meso- and microscopic. On mesoscopic level, structuring can often be found
as an side effect of copolymerization or blending [107]. Structuring the electrolyte
on a microscopic level is a more recent approach, often combined with
electrospinning [15-18, 24, 25, 44].
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Perfluorosulfonic acid, also used in Nafion®, finds most most of its applications in fuel cells

2.2.2.2 Perfluorosulfonic Acid-based electrolytes (PFSA)

[108, 109]. The idea behind using PFSA derivates as electrolytes in lithium ion cells lies
within the transference number. Polymers like PEO have quite low transference numbers
due to the mobility of the anion, as mentioned above. PFSA and Nafion®, both ionomeres
and ion exchange materials are able to reduce the mobility of the anions within the
electrolyte, thus increasing the transference numbers dramatically [110].During the early
2000s, first attempts on using PFSA in lithium ion batteries have been conducted [111].
Liang et al. used lithiated Nafion® swollen with different carbonates to use as an
separator/electrolyte system within LCO/PFSA/Li cells [111]. Results for reported for
lithium-sulfur batteries also indicate a reduction of lithium dendrites due to the single-ion
conducting nature of PFSA-based electrolytes [112]. It has to be noted, that most
applications of PFSA in lithium-based battery chemistries rely on swelling the polymer

electrolyte in organic solvents [110-114].
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2.3 Cell component production and assembly

2.3.1 Machines

2.3.1.1 Laboratory electrode coater

Figure 4 Laboratory coating machine used in this thesis

The laboratory coating machine used to coat the electrodes is shown in Figure 4. It consists
mainly of the following parts:
e Braked unwinder: The substrate foils are placed on a mechanically braked axle. The
braking force is adjusted using a screw.
o Dancer roll: This is used to ensure a constant tensile force on the substrate during
coating
e Doctor blade: An adjustable slit ensures a homogenous coating of the slurry on the
substrate
¢ Drying tunnel: It contains four individually controlled heating plates. In this thesis the
first two and the last two heating plates are set to same respective temperatures. A
flue attached to the drying tunnel takes the solvent fumes outside.
e Track edge control
¢ Winding drive: Here a core is inserted to a driven axle to wind the electrode to a coil.
The substrate speed is controlled this device.
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With this machine the most important process parameters can be adjusted: Tensile force of

the substrate, coating slit and drying temperatures and times.

2.3.1.2 Electrospinning machine

il

Figure 5 a) Electrospinning machine Inovenso NE-300XP b) Spinning chamber

All electrospinning experiments in this thesis are conducted on an Inovenso NE-300XP (see
Figure 5). This laboratory machine allows to produce fibers with various modifications and
morphologies. The most important parts are:

e Syringe pumps: The machine features two syringe pumps; it is therefore possible to
spin two solutions simultaneously. The feed rate can be controlled for both
individually and is corrected for the used syringe type.

o Emitter portal: The portal is used to adjust the Emitter-Collector distance. It is
corrected for different Emitter types (e.g., Nozzles, medical syringe tips, Core-Shell-
Nozzle) as well as for different collector types. In this thesis, only nozzle emitters
and the drum collector are used; this leads to a distance range from 32 up to 200
mm. Nine nozzles can be equipped at maximum. The voltage is applied to the
nozzles and can reach 40 kV at maximum; the collector portal is grounded and has
no voltage applied.

e Collector portal: The portal can be equipped with several collectors (Drum collector,
plate collector, vacuum plate collector, Rotating-axle-collector). Only the drum
collector is used in this thesis. The drum can rotate at 100 rpm up to 500 rpm. To
ensure a more homogeneous fiber coating, the portal can be moved perpendicular
to the rotation direction; the range for movement is from 5 to 120 mm at a speed
ranging from 2 to 15 mm/s.
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Humidity control system: The humidity inside the chamber can be adjusted to values
between 20 and 100 % relative humidity. It is controlled by a humidity sensor inside
the chamber. In relation to the adjusted and the measured value, a dehumidifier is

activated when the humidity inside the chamber exceeds to set limit.

2.3.1.3 Laminator

Figure 6 Roll laminator BLE 282 D

All lamination processes in the framework of this thesis have been conducted with the roll

laminator shown in Figure 6. It mainly consists of the following parts:

Stainless steel bands: These bands move the samples through the heating areas to
the lamination rolls. The band speed ranges from 0.023 to 0.230 m/s

Heating elements: Each band track (upper and lower) features three heating plates
(six in total). These can be controlled individually up to 160°C using PID controllers.
Lamination rolls: The lamination rolls sit behind the last heating plate on both band
tracks. The distance between the rolls can be adjusted manually. The line force
exerted on the sample by the rolls can be adjusted manually with two screws, one
on each side of the lower band track. The force is measured by two scales in kg,

one for each side of the band track.
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2.3.2 Educts
Solids
LiNi;/3Mn;,3C04,30, NM-3102h BASF TODA America, USA
Carbon black Super C65 Imerys, Switzerland
PEO M,, = 300000 Sigma Aldrich, Germany

Polyethylene Oxide

Lithium
bis(trifluoromethanesulfon LiTFSI Sigma Aldrich, Germany
yl)imide
Polyvinyldene difluoride Solef® 5130 Solvay, Italy
Lithium Li-foil 0.4 mm Gelon LIB, China
Perfluorosulfonic Acid PFSA 725 EW 3M Dyneon, Germany
Liquids
N-methyl-pyrrolidone NMP Overlack, Germany
Acetonitrile Acetonitrile Sigma Aldrich, Germany
Ethanol Ethanol Sigma Aldrich, Germany
Deionized water Deionized water -
Gases
Argon 5.0 Westfalen, Germany

Argon
Table 3 Educts used in this thesis

All educts used for electrode and electrolyte production in this thesis can be found in Table

3.

2.3.3 Electrode preparation

Solid-state cathode

Material Purpose Percentage Mass [g]
NMC;1; Active cathode material 75.13 wt% 68.00
PEO lon-conductive matrix 8.41 wt% 7.61
PVDF Adhesion additve 2.53 wt% 2.29
Super C65 Electronic conduction 9.94 Wt% 9.00
additive
LiTFSI lon-conduction additive 3.99 wt% 3.61
NMP Solvent - 180.24

Table 4 Cathode composition
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Electrodes have to fulfill diverse requirements for the use in battery cells; for electrodes in

liquid electrolyte cells, adhesion to the current collector, cohesion within the electrode

coating and electronic conductivity are the most important. In case of solid-state electrolyte,

the electrodes must be redesigned, since the requirement of ionic conductivity has to be

Solid-state cathode mixing

Mixing/Degassing

Mixing/Degassing

Step Added material Mass [g] speed [rpml /Coolin‘g time
[min]
Premixing Stock solution 180.24 2000 0.5
Mixing Super C65 9.00 2000 2
Degassing - - 2000 1
Mixing LiTFSI 22341 2000 2
Degassing - - 2000 1
Mixing - - 2000 2
Degassing - - 2000 1
Mixing - - 2000 2
Degassing - - 2000 1
Mixing NMC111 68.00 2000 2
Degassing - - 2000 1
Cooling - - - 90
Mixing - - 2000 2
Degassing - - 2000 1
Cooling - - - 10
Mixing - - 2000 2
Degassing - - 2000 1
Cooling - - - 10
Mixing - - 2000 2
Degassing - - 2000 1
Cooling - - - 10
Mixing - - 2000 2
Degassing - - 2000 1
Cooling - - - 10
Mixing - - 2000 2
Degassing - - 2000 1
Cooling - - - 10
Mixing - - 2000 2
Degassing - - 2000 1
Cooling - - - 10
Mixing - - 2000 2
Degassing - - 2000 1
Cooling - - - 10
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added due to the lack of a liquid electrolyte within the pores of the electrode. To meet this
requirement, composite electrodes consisting or the active materials dispersed in an solid-
state ionic conductive matrix are often used [115-117].

Additionally, it is necessary to prevent agglomerates to ensure a good electrode quality
during coating. Therefore, a mixing method with high energy input is needed.

All electrodes used in this thesis have been prepared using a planetary mixer (ARE-250,
Thinky, USA), all electrodes used have been prepared from one batch of electrode slurry
and have been coated in one continuous procedure. The compositions of the electrode
slurry can be found in Table 4.

After weighing the materials into the mixing cup, a stock solution using polyethylene oxide,
LiTFSI and NMP was added. This solution was prepared a day in advance, consisted from
2.28 g PVDF, 7.61 g PEO and 120.04 g NMP and was stirred at 120°C under reflux
overnight.

A full description of the sequential steps for slurry preparation can be found in Table 5.
After degassing the slurry and checking for agglomerates, the electrode is coated using the
laboratory coating machine shown in Figure 4. The coating parameters can be found in
Table 6.

Coating parameter

Drying tunnel temperature

Drying tunnel temperature

G Coati d
ap [uml oating speed [mm/s] 1[°C] / Length [m] 2 [°C] / Length [m]
200 4.0 135/1.20 150/1.20
Table 6 Coating parameters
2.3.4 Electrolyte preparation
PEO stock solution composition
Material Purpose Percentage Mass [g]
PEO lon-conductive matrix 11.81 wt% 68.18
LiTFSI lon-conduction additive 1.59 wt% 9.16
Acetonitrile Solvent 86.60 wt% 499.99

Table 7 PEO stock solution composition

The solid electrolytes used in this thesis are all polymer-based. Ceramic electrolytes are not
considered in this thesis but may be in future research (see “Future research aspects
regarding ASSBs”). Two materials are used as ionic conductors: Polyethylene Oxide and

Perfluorosulfonic acid.
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Polyethylene Oxide is one of the most known and used polymeric ion conductors (see
Polymeric electrolytes”). Many different formulations for PEO-based, spinnable solutions
are known from literature [15-18, 24, 44]. Unfortunately, these solutions are mostly coupled
to the electrospinning setup used for the respective research, e.g., the tubing diameter can
pose as a bottleneck for the solution viscosity. Therefore, the solution composition used in
this thesis may be similar to literature [18, 24] but had to be adapted for the use to spinning
setup (NE-300XP, Inovenso, USA) shown in Figure 5. The used stock solution composition
can be found in Table 7.

The LIiTFSI content was chosen to equal one lithium ion per ten ethylene oxide monomers.
The stock solution composition was also chosen to be similar in lithium content to the ion
conductive matrix used in the cathode to prevent ion migration driven by a concentration

gradient.

Interlayer spinning parameters

Parameter Value
Syringe BD20
Nozzle type Single nozzle
D ;
rum collector rotational 400 rpm
speed
Travel homogenization
80 mm
portal
S I
peed homogenization 2 mm/s
portal
Voltage 30 kv
rel. Humidity 0,35
Flow rate 0,8 ml/h
Emitter-collector distance 150 mm
Effective spinning time 12 h
Temperature room temperature (~25°C)

Table 8 Interlayer spinning parameters

For PFSA-based electrolytes, a spinnable formulation had to be conducted first. The
corresponding method scheme can be found in chapter 4.2.1. As pre-tests determined,
PFSA needed an additive polymer to be spinnable. For this thesis, PEO was chosen, due
to its ability to dissolve lithium salt and its rather high molecular weight; the same PEO was
used as for the other experiments. TFSI was used as a lithium salt. Deionized water and
ethanol and mixtures between have been used as solvents, since both solvents dissolved
all materials used for the experiment in a satisfactory way; for some additional spinning
tests dimethyl sulfoxide was used as an aprotic alternative solvent. The solutions have been
prepared under normal atmosphere and were stirred overnight in a water bath at 60°C prior

to electrospinning. The parameters of the solutions can be found in Table 12.
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Line force [N/cm] Gap [um]

Laminator parameters

Temperature heating stage
1/2/3 [°C]

21 60/60/65 12,26 0

Table 9 Laminator parameters

Feed speed [mm/s]

Two different types of electrolytes have been prepared for this thesis: electrospun and
solution-casted electrolytes.

Solution-casted electrolytes have been prepared by coating the stock solution onto a glass
substrate inside an argon filled glovebox with an average water content of 0.2 ppm (MB 200
B ECO, MBraun, Germany) using a box-type doctor blade with a 400 um slit. The coating
must be repeated four times to achieve a dry thickness of the film of 70-80 uym. After drying
for at least 24 h inside the glovebox, samples with a diameter of 15 mm have been cut out
using a scalpel.

Electrospun electrolytes have been applied directly to the cathode, meaning the fiber mat
was spun directly to the active coating. Prior to the actual fibrous electrolyte an interlayer is
spun onto the electrodes. This interlayer is also applied to the electrodes used for solution
casted electrolyte cells. The idea behind this layer is to homogenize the ion flow coming
from the electrolyte fibers and form an improved interface to the cathode coating. To spin
the interlayer the same stock solution as for the electrolyte is used. Interlayer spinning
parameters for the electrospinning setup used (NE-300XP, Inovenso, USA) can be found
in Table 8.

After applying the interlayer, the electrodes are laminated using a roll laminator (BLE 282
D, Manz ltaly, Italy) shown in Figure 6. The idea behind this step is to improve the interface
between the cathode coating and the interlayer and to melt the fibers to provide a thin
homogeneous layer to homogenize the ion current density. Therefore, the lamination
temperatures are chosen to be above the melting temperature for PEO crystallites. The
parameters used on the laminator can be found in Table 9.

After the interlayer application the electrodes are stored in a Glove box under argon gas
atmosphere. Electrodes meant for the use in cells with an electrospun electrolyte are further
processed using the electrospinning setup shown in Figure 5 (NE-300XP, Inovenso, USA).
The electrolyte is spun directly onto the cathode. Therefore, the cathode is attached to the
drum collector of the electrospinning setup in a way that the cathode coating is central above

the electrospinning emitter.

Electrospun polymeric electrolytes and their use in All-Solid state batteries
23


Othmar
Bild platziert


m o

To investigate the impact of different electrospinning parameters on the electrolyte and cell

characteristics, different parameter sets are defined and applied to the spinning setup. To

ensure a suitable electrolyte thickness, the effective spinning time is chosen to be 24 h,

divided into two spinning sessions a4 12 h.

The used spinning parameters can be seen in Table 10.

Electrolyte spinning parameters

Electrode #17 | Electrode #18
Syringe BD20
Nozzle type Single nozzle
Drum collector rotational 500 rpm
speed
T -
ravel homogenization 80 mm
portal
S -
peed homogenization 2 mm/s
portal
Voltage 20 kv | 30 kV
rel. Humidity 35%
Flow rate 0.8 ml/h
Emitter-collector distance 150 mm | 100 mm

Effective spinning time

36 h (Electrolyte+Interlayer)

Temperature room temperature (~25°C)
Electrode #21 | Electrode #24
Syringe BD20
Nozzle type Single nozzle
Drum collector rotational 500 rpm
speed
Travel homogenization 30 mm
portal
Speed homogenization 2 mm/s
portal
Voltage 30 kv | 20 kv
rel. Humidity 35%
Flow rate 0.8 ml/h
Emitter-collector distance 150 mm | 100 mm

Effective spinning time

36 h (Electrolyte+Interlayer)

Temperature

room temperature (~25°C)

Table 10 Spinning parameters for electrolytes
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PFSA-based solutions spinning parameters

Parameter Value
Syringe BD20
Nozzle type Single nozzle
D -
rum collector rotational 500 rpm
speed
Travel homogenization
0O mm
portal
Speed homogenization 0 mm/s
portal
Voltage 10,20,30 kV
rel. Humidity 35%
Variable, dependent on
Flow rate ; ] )
solution viscosity
Emitter-collector distance 100,150,200 mm
Effective spinning time 10 min
Temperature room temperature (~25°C)

Table 11 Spinning parameters for PFSA-based solution electrospinning

experiments
For PFSA-based spinning solutions a suitable set of parameters must be determined first.
Therefore, a variation of voltages, distances and drum collector rotational speeds have been

combined and tested. The corresponding parameter matrix is shown in Table 11.

2.3.5 Used cell formats and their assembly

Another important factor for the commercial success of lithium-ion batteries is the wide
range of possible cell formats. Lithium-ion batteries can be assembled in different ways and
come in a variety of casings. The main categories of casings are [6]:
e Cylindric cells: These casings can be found for many different applications on the
market, e.g. Laptops, PHEVs, EVs or power tools
e Prismatic cells: Prismatic casings can be found in mobile electronics, e.g., cell
phones
o Rigid casings
o Flexible casings, e.g., Pouch-casings
e Coin-Cells: These are especially used for small electronics, e.g., in small remote
controls; mostly these cells are primary cells
In scientific research, many other different casings are known for special experimental
applications, e.g. in-situ measurements in scanning electron microscopes or scattering

experiments [118].
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Due to experimental limitations, this thesis uses small battery casings like coin cells and T-
cells.

2.3.4.1 Coin cells

For cycling experiments and impedance measurements coin cells of the format CR2032
have been used. This cell format is very well known, both in scientific research as well as
for commercial cells powering small electronic devices.

Coin cells show some advantages against T- and Pouch cells in regard for this thesis. In
comparison to pouch cells, the use of lithium metal anode is easily implemented while pouch
cells must be optimized, especially for the use of electrospun electrolytes (see subchapter
6.2.6).

T-cells (see Figure 50) have this advantage too. Unfortunately, first experiments with
electrospun electrolytes used in T-cells showed, especially for higher cycle numbers, not

satisfactory data quality; this finding is in strong contrast to the data quality achieved for

Cathode-Case /

Cathode

Separator/Solid Stainless steel

State Electrolyte spacer
Lithium metal —
Wave/Disc
spring

Anode-Case \/

Sealingring ————»

Figure 7 Exploded view schematic of a Coin Cell used in this thesis

cyclovoltammetry. In addition, T-cells using an electrospun electrolyte showed a higher
number of cell failures before or during early stages of electrochemical testing, a problem

solved nearly immediately after switching to coin cells.

Electrospun polymeric electrolytes and their use in All-Solid state batteries
26



mmo

One question to be asked when using coin cell setup with electrospun electrolyte is the
mechanical pressure to the cell components and a possible destruction of the fibers. To
check this problem, some cells have been opened under argon atmosphere and the
electrolyte has been probed under a microscope. No change induced by the pressing force
has been found.

A schematic of the used setup is shown in Figure 7. The cells consist of a cathode and an
anode casing to contact the cell electrically. The anode casing is additionally surrounded by
a polymeric sealing ring. On the anode side of the cell, a wave spring is placed to provide
slight pressure and electrical contact to both the anode casing as well as the cell on the
anode side. On each side a stainless-steel spacer with a thickness of 0.5 mm is used to
ensure a homogeneous pressure and electrical contact to the cell components. In between
the spacers, the cell consisting of a lithium metal anode, the electrolyte (solution casted or

electrospun) and the cathode is placed.
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2.4 Analysis techniques

2.4.1 Scanning Electron Microscopy (SEM)

It has become obvious that for a detailed insight on the fiber morphology, a more
sophisticated method has to be used. For this case SEM is the method of choice.
Scanning Electron Microscopy utilizes, in difference to optical microscopy, electrons instead

of photons. The wavelength of the electrons is then defined by

R Eq. 1

A 2mg-e-Uy

where A are the wavelength, m. the mass of the electron, h is the Planck’s constant and U,
is the acceleration voltage. Since the Abbe-limit is also valid for other types of radiation, it
is possible to distinguish finer fiber features, e.g. pores on the fiber surfaces or embedded

nanoparticles.

2.4.2 Electrochemical impedance spectroscopy (EIS)

In research on batteries and other electrochemical appliances like fuel cells interest is
focused on analytical methods for probing bulk materials as well as interfaces (both solid-
solid and solid-liquid). Therefore, it is only logical that electrochemical impedance
spectroscopy has gained more interest, since it can provide insights to the above-mentioned
points. In addition, EIS can be applied to a great range of materials, regardless of their
properties: liquids and solids, ionically, electronically or mixed conductive, semi-conductive
and insulating [119].

Due to these characteristics, EIS becomes a standard method for research in many fields,
especially in all-solid-state battery (ASSB) research. In this specific application interest often
lies within the question of the ionic bulk conductivity of the solid electrolytes as well as in
the different interface resistances inside an ASSB (e.g. interfacial resistances between
cathode and the electrolyte).

There are several variants to the EIS measurement [119]. The first approach is to simply
apply a voltage step and measure the corresponding time-dependent current. This quite
easy method yields one problem: to switch from a time-dependent regime to a frequency

dependent (which is the usual definition for impedance), a Fourier- or Laplace
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transformation has to be applied. These transformation leads to a distortion of the result,
since the signal was not periodic. It has to be corrected in by windowing and therefore the
desired frequency range may not be fully probed in a sufficient way [119].

The second method is to apply white noise as a signal and again measure the current
response of the system. The white noise signal leads to less distortions when transformed
in the frequency domain and, since nearly all frequencies can be applied at once, data
gathering is quite fast. The disadvantage of this method is to generate true white noise. In
addition, the signal-to-noise ratio might be not sufficient [119].

The most common method is applying a single frequency signal to the sample and measure
the response. This approach possesses the best signal-to-noise ratio and single frequency
signals can be easily produced. Therefore, many different experimental instruments using
this method are readily available and are most user friendly [119].

Given a single-frequency voltage signal and its corresponding response [119]:

v(t) =V, sin(w-t), withw = v 2w Eq. 2

i(t) =1y sin(w-t+86),withw=v-2r Eq.3

The phase shift between the voltage and the current signal is denominated 6, v is the applied
frequency. Depending on the on the system of interest, time derivatives of these equations
form a differential equation system that has to be solved. Using Fourier-transformation,
these equation systems can be simplified. From there a correlation between voltage and

current can be made, similar to Ohm’s law, and hereby define the impedance [119]:

_Fv®)
Fi©)

Z(i - ) £q.4

,F{ }: Fourier — Transformation

The impedance, mostly used as a complex quantity, can then be written as such [119]:

Z(w) = Re(Z) +i-Im(Z) , Re(Z) = |Z| - cosO ,Im(Z) = |Z| - sin@ Eq. 5
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To further characterize the system measured by impedance, it is a common method to
develop an equivalent circuit model and fit the parameters according to the experimental
data. To build such models, combinations of circuit elements can be used. Some of the
most known elements are: resistances (R), capacitances (C), inductances (L) and constant
phase elements (CPE) [119]. Constant phase elements pose as a non-ideal variant of

capacitances and are quite useful in modelling battery applications.

2.4.3 Charge/Discharge cycling

Cycling tests play an important role in characterizing and testing a battery cell. The exact
details of testing procedures depend strongly on the aim of the corresponding research
interest. In general, cycling tests consist of cycles, which are sequences of charging,
discharging and pauses, repeated for either a certain amount of time or for a defined number
of cycles. The data measured are the cell voltage, the current and sometimes the
temperature of the cell housing. An example of a typical voltage and current curve over time

for a cycle is shown in Figure 8.

j— V]

>, | <
D —
CC-Phase CC-Phase !
charge discharge
Time[h]

Figure 8 Exemplary Charge/Discharge cycle
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The constant current (CC) phase at the beginning is very sensitive to the chemistry of the
cathode and can deliver interesting data on it [6]. It is followed by a constant voltage (CV)
phase, to fully ensure a state-of-charge (SOC) of 100 %. Afterwards, a short pause is added,
to enable the cell to reach its relaxation voltage and to be able to calculate the internal
resistance of the cell from the voltage drop. The pause is followed by a CV-discharge phase.
From the charge and discharge phases important key figures can be derived, such as the
coulombic efficiency and the discharge capacity. Further, by calculating the derivative of
capacitance over voltage (dQ/dV), insights into the electrochemical reactions during cycling,
similar to cyclovoltammetry, can be received.

In this thesis cycling tests are used in two different ways: cycling tests and C-Rate-Tests.
During cycling tests, the key parameters of the cycles (like charging/discharging currents or
cut-off voltages) remain unchanged for a high number of cycles. These tests are used in
this thesis to determine aging phenomena and possible cell failures.

C-Rate-Tests are used in this thesis to determine the response of the cell system to different
charging/discharging currents.

A more detailed description of the cycling and C-Rate-Tests used for this work can be found

in subchapter 3.2.
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3. Influence of fiber production parameters on PEO-based

ASSB characteristics

3.1 Introduction

In the following chapter the influence of fiber morphology on resulting electrospun polymeric
electrolyte was investigated. Therefore, a PEO/LiTFSI-solution was electrospun using
different parameters which are known to influence the fiber morphology greatly. The scope
was especially on the influence of the electric field. To achieve a variation in the fiber
morphology, the voltage and distance between the emitter and the collector was varied (see
chapter 2.3.4). Cells using a solution casted electrolyte have been produced for comparison
to the electrospun electrolytes. The resulting fibers were analyzed in regard to their
morphology using optical and scanning electron microscopy methods. Electrochemical
characteristics have been determined wusing impedance measurements and
electrochemical cycling, both in full cell configuration. In addition, XRD and DSC data has
been taken from pristine and cycled electrodes to gain insight into the structure and

crystallinity of the used electrodes.

3.2 Experimental

In this chapter, the used analyzers and their settings will be shown and discussed.

3.2.1 Scanning electron microscopy

For scanning electron microscopy, a Zeiss Merlin VP compact (Carl Zeiss Jena GmbH,
Jena, Germany) with a secondary electron detector was used. The acceleration voltage for
the electrons was chosen to be in the range of 1 to 1.5 kV in order to avoid electrostatic
charging on the polymers. The chosen aperture size was 30 uym for all experiments. All
experiments have been conducted under high vacuum.

The samples for both optical and scanning electron microscopy have been prepared under
normal atmosphere, but storage as well as transport have been conducted under argon
atmosphere. SEM samples have been prepared in two different ways. Electrodes have
been punched out using an EL-CELL punch (EL-CELL GmbH, Hamburg, Germany) with a

diameter of 14 mm; it is the same punch used for preparing electrodes for electrochemical
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tests. These electrodes have then been punched using a punching iron of 10 mm diameter
to fit the sample holders used in the SEM. As a reference, samples have also been punched
using only the punching iron to gain insights on the effect of the EL-CELL punch on the
electrolyte morphology. The SEM samples have not been subjected to sputtering.

For analyzing microscopy data freeware software Fiji and ImageJ have been used.

3.2.2 Impedance measurement

Impedance measurements have been conducted using an Autolab PGSTAT204 (Metrohm
AG, Herisau, Switzerland) potentiostat. The frequency range for all PEIS experiments was
set to be 100 kHz to 10 mHz. The cells were connected to the potentiostat either by a jack
plug (used for T-cells) or by using a coin cell holder as shown in Figure 9.
Impedance measurements included the following steps:

1. Open circuit voltage (OCV) measurement

2. Charging the cell with a constant current of 5 pA

3. Relaxation period for two hours; accompanied with an OCV measurement

4. Impedance measurement
The charging step is meant to ensure a similar state of charge for all measured cells.
The data analysis and fitting were conducted with EC-Lab V10.44 software (Biologic,

Seyssinet-Pariset, France) using its Z-Fit function.

B a<wy
Figure 9 a) Impedance measurement equipment with temperature chamber b) Coin-cell holder used in

impedance measurements within the temperature chamber

3.2.3 Electrochemical cycling

All electrochemical cycling experiments have been conducted with BaSyTec CTS-LAB test
systems (BaSyTec GmbH, Asselfingen, Germany) using the corresponding control software
BaSyTest V6.1.10.2 (BaSyTec GmbH, Asselfingen, Germany). Due to a system update,
some data were gathered using BaSyTest V6.2.26.2 (BaSyTec GmbH, Asselfingen,
Germany). The system update did not affect the gathering or the quality of the data,
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therefore all the data presented in this study is coherent.

Generally, the charge/discharge cycle shown in chapter 2.4.3 is implemented to the
software using a subroutine. The structure of this subroutine is used in every
electrochemical cycling experiment presented here. Such subroutines always have the
following structure:

1. CC-charging step: The cells are charged with a constant current (lcc) up to a
predefined upper cut-off voltage (Uucv). The voltage is measured during this step.

2. CV-charging step: The cells are held at Uycy until a certain current (Icv) is reached.
The current is measured during this step.

Pause: No voltage or current are applied but both are measured.

CC-discharge step: The cells are discharged with a constant current (Ioc) until a
certain lower cut-off voltage (U.cv) is reached. The voltage is measured during this
step.

5. Pause

All parameters for the subroutine are defined within the paramount test procedure.

For all cell tests cut-off voltages have been set to 2.5 V and 4.4 V as lower and upper cut-
off voltages. Constant voltage charging was conducted until the measured current dropped
below 0.1C.

As described in chapter 2.4.3, cycling and C-rate tests have been conducted. These tests
followed a specific order:

1. Cycling test “Formation”. A formation of the cells has been conducted at the
beginning of all electrochemical cycling testing. It consisted of three cycles
(aforementioned subroutines) using the cut-off voltages mentioned above and a
fixed CC-charge/discharge current of 1pA. This cycling step is meant to generate
knowledge on the capacity of the cathode, which is needed to define the
charging/discharging currents for all following experiments.

2. C-rate test: C-rate tests can be divided into a charge and a discharge test containing
cycles with varying charge/discharge currents (0.2C, 0.5C, 1C, 2C, 3C, 5C). For
charge C-rate tests the discharge current remains set to 0.2C and vice versa. This
is meant to ensure a reproducible starting point for each new cycle, regardless how

much capacitance was actually used in the step beforehand.
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3. “Conditioning”: During first tests it became obvious that the capacity of the cells
behaved in an unexpected way, especially during formation. This led to major
differences in measured capacities between the different cell series. To account for
this and to generate comparable data, a conditioning step was introduced. This can
be seen as a second formation which is limited by the measured capacity. Therefore,
all cells have the same capacity of 90 pyAh after completing this step. Conditioning
consists of at least 50 cycles with a fixed charge/discharge current of 5 pA.
Depending on the state of the cells after the C-rate test, conditioning can take more
or less than the previous mentioned cycles, but it will always end at the capacity
threshold.

4. C-rate test after conditioning: Conditioning will be followed by a second C-rate test
to monitor the change in rate capability caused by the conditioning step. For C-rate
tests conducted after the conditioning step, additional steps are implemented after
the charge and the discharge test cycles, using a fixed charge/discharge current of
5 PA; these steps are used to monitor the impact of high currents on the cells by
comparing to the data gained during the conditioning.

5. Cycling test 0.35C/0.5C/1C: Independent, meaning each test is separated by an
impedance measurement, cycling tests over 50 cycles with a charge/discharge
current of 0.35C/0.5C/1C (equals 31.5uA/45uA/90pA) is conducted. These 50
cycles are followed by 5 cycles with a charge/discharge current of 5 pA to monitor
changes compared to the starting point after conditioning.

6. End-of-test analysis: At the end of the testing procedure a conclusive impedance
measurement is taken. Some few cells are also disassembled for end-of-life tests,
such as XRD and measurements.

Between each step of the cycling tests an impedance measurement is conducted to monitor
possible changes in the internal resistances of the cells.

All cells measured in this study have been prepared according to chapter 2.3.5.

Since some of the cycling steps require very small currents in the range of 1uA, a short
discussion on the stability of the current provided by the BasyTec system will be conducted
here. To gain insight into this topic, the Signal-to-Noise ratio (SNR) is calculated by dividing
the mean value of the measured currents during the formation by the standard deviation of
these values. This leads to SNR values in the range from 25 to 42, showing that the currents

are stable enough to gain measurement signals distinct from the noise.
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3.2.4 XRD

For XRD measurements a Stoe STADI P (Stoe & Cie GmbH, Darmstadt, Germany) is used.
It utilizes a Ge(111)-monochromator for copper K, radiation (A=1.54056 A). The diffraction
signals are detected using a Dectris MYTHEN DCS 1K (Dectris AG, Baden-Daettwil,
Switzerland). Samples are prepared and fixated the XRD using Magic Tape™ 810 (Scotch®,
Seefeld, 3M Deutschland GmbH). The diffractograms are measured with an angular
resolution of 1°, measuring for 10 s per step. Overall, an angular range of 2° to 80° is

covered.
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3.3 Results and Discussion

3.3.1 Fiber morphology

In the following chapter the morphology of the electrospun fibers will be discussed. The
used spinning parameters have been described above in Table 10 and assigned to the
corresponding electrode number in the same table. Throughout this chapter it will be
referred only to the aforementioned electrode numbers (see Table 10). All SEM pictures
are chosen to be representative. Raw SEM data can be found in the appendix.

To further be able to recognize the impact of electrospinning the electrolyte in polymeric
solid-state batteries, reference cells have been built using solution-casting method (see
chapter 2.3.4). The electrodes used for these cells have been prepared exactly like the
electrodes used for electrospun cell experiments, meaning these electrodes have also been
treated with a laminated electrospun PEO/LIiTFSI layer prior to punching and cell assembly

(as described in chapter 2.3.4). The resulting electrode surface can be seen in Figure 10.

o T O A A X R M N A W S g E NS

Figure 10 SEM pictures of electrode with laminated interlayer (Magnification: a,c) 100, b,d) 1000)
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It can be seen from Figure 10 that despite the lamination the fibrous structure of the
interlayer is still obtained, at least for some of the upper layers. Figure 10 a) and b) have
been prepared using a punching iron, while Figure 10 c) and d) have been prepared using
the actual EL-CELL punch. It can be seen that the punching device has a small effect to the
electrode surface since the pictures shown in ¢) and d) show some areas with smoother
surface compared to a) and b). This might have been suspected, since the EL-CELL punch
has a closed surface and is able to put pressure on the electrode surface, thus flattening
the surface.

The fibers themselves are molten to a certain point and form a web-like structure on the
surface with some pores still remaining. From this it can be seen that the lamination
parameters may have been too mild, since it is not the smooth surface desired for the
experiments. Optimizing the lamination parameters and their impact on the performance of
the cells may become the center of attention for further studies (see chapter 6).

Figure 11 shows SEM pictures of all electrodes modified with an electrospun electrolyte. To
observe the fiber morphology right after the spinning process, samples have been prepared
using a punching iron. Despite the changes in the spinning parameters (see Table 10),
no serious differences in the fiber morphology can be spotted. Interestingly, the fiber
morphology shows a strong variety; especially flat ribbon-like fibers and round fibers
dominate the morphology. It can also be noticed that some of the ribbons show signs of
longitudinal stress fine web-like structures can be found. In addition, fine web-like structures
can be found. These may originate from flat ribbons which have been teared apart during
the spinning process. Therefore, it is assumed, that originally the morphology of the fibers
has been ribbon-like, all other morphologies are remnant of teared ribbons. Similar effects,
like flat ribbon formation and fiber branching/splitting, have been found and described by

Koombhongse et al. [120].
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Figure 11 SEM pictures of electrode a, b) #17, c,d) #18, e,f) #21 and g,h) #24, Pictures a,c,e,g) are
magnification 100, b,d,f,h) are magnification 1000; all samples have been prepared using a punching iron;

Electrode numbers refer to Table 10
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Figure 12 SEM pictures of electrode a, b) #17, c,d) #18, e,f) #21 and g,h) #24, Pictures a,c,e,g) are
magnification 100, b,d,f,h) are magnification 1000; all samples have been prepared using an EL-CELL

punching; Electrode numbers refer to Table 10
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Figure 12 shows SEM pictures of all used electrodes after punching using an EL-CELL
punch. It can clearly be seen that the closed EL-CELL punch has a large impact on the
surface of the electrode due to its closed punching area. This leads to a compression of the
fibers and therefore smoothens the surface.

Nevertheless, the fiber morphology in Figure 12 resembles the morphology found in Figure
11. It can still be seen that the fibers mainly form flat ribbons, with round fibers and fine web
structure due to flat ribbon disassembly.

Interestingly, Figure 12 also shows areas upon the electrolyte surface with a significant
change in density and pore areas. The reason for these areas is again found in the punching
device. The electrospun electrolyte was not perfectly homogenous after the spinning
process.

The electrolyte surface was further investigated in regard to the fiber diameter and the fiber
diameter distribution. To analyze the fiber diameter and the fiber diameter distribution, SEM
pictures with a magnification of 500 were used. For each picture 100 random site were
chosen to measure transverse to the fiber axis. In addition, each fiber is only measured
once. For flat ribbon fibers, sites where the observation was nearly perpendicular to the flat
side of the ribbon were chosen. Each site was afterwards measured using the Fiji length
measuring tool, calibrated using the scales provided by the SEM.

Figure 13 shows the fiber diameter histograms corresponding to the SEM pictures in Figure
11 and Figure 12. The fiber diameter ranges up to 13.5 um for flat ribbon fibers. Due to the
fact, that each fiber contributes only once to the histogram, the count for smaller fibers is
higher, than for larger ones. The histograms shown in Figure 13 confirm the first impression
gained from the SEM pictures: there is no significant change in the fiber diameter or the
morphology in regard to changes in the electrospinning parameters, at least in the

parameter regime chosen for this thesis.
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Figure 13 Fiber diameter histograms for all used electrospun electrolytes. a,b) #17, c,d) #18, e,f) #21, g,h)
#24, Electrode numbers refer to Table 10
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3.3.2 Impedance measurements

In the following chapter impedance data of full cells using electrospun electrolytes and
lithium metal anodes will be presented. The used cell set-up is described in subchapter
2.3.4.1, the electrode and electrolyte preparation can be found in subchapters 2.3.3 and

2.3.4 respectively.

Q

»

Q, Q
) "
R, | | W —
Ry Ry

Figure 14 Equivalent circuit diagram used to analyze impedance data

Impedance measurements presented here have been conducted as described in
subchapter 2.4.2. Each measurement was conducted after a completed cycling test, which
are described in subchapter 2.4.3.

The data in this chapter will be focusing on two electrospun electrodes (#18 and #21) as
well as reference cells using a solution casted electrolyte (#26). This step is taken, since
said electrodes #18 and #21 have been the only cell series to complete the electrochemical
testing program described above and therefore gained the most impedance data. The
reference cell system, though it is also far behind said cell series, will be shown as a
comparison between solution casting and electrospinning. Impedance data for all other cell
series in this thesis is shown in the appendix (see Additional Impedance data).

To analyze the impedance measurements, a data fitting method is used (see subchapter
2.4.2).

The used equivalent circuit diagram is shown in Figure 14. A similar equivalent circuit has
been used by Liu et al. to model full cells using a polymeric electrolyte [116]. The different

contributions to the model are [116]:
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1. Rz Ohmic resistance of the used experimental set-up

2. Qn Geometric capacitance of the cell

3. Rz Electrolyte bulk resistance

4. Qs4, R34 Electrode/Electrolyte interfacial capacitance/resistance
5 W Warburg impedance

In this thesis, especially the ionic conductivity and the interfacial resistances as well as their
changes with cycling will be of interest. The ionic conductivity is calculated using Eq. 6. The

d

RZ 'A

g

ionic conductivity is thereby defined by the thickness of the electrolyte d, the electrolyte bulk
resistance R and the electrode area A. The bulk electrolyte resistance is calculated using
the first semi-circle of the impedance spectrum, since this is related to the electrolyte
resistance. The area is the geometric area of the smaller electrode, in this case the lithium

metal anode. The thickness of the electrolyte was measured before building the cells.
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Figure 15 Impedance spectra for cells using electrospun electrodes #18. Framed areas are shown as
insets
Figure 15 shows the fitted impedance spectra for electrode #18. It can be seen that the

chosen fitting model suits all shown data in a satisfactory way. The impedance spectra show

great differences for each cell as well as between each measurement step.
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Figure 16 Impedance spectra for cells using electrospun electrodes #21. Framed areas are shown

as insets

The first semi-circles (high frequency regime), which are quite similar to each other after the
formation seem to develop differently during C-Rate tests. This trend seems to be not fully
reversible by conditioning the cells. Interestingly, after C-Rate testing the cells in a

conditioned state, the semi-circles, except for the capacitance, are quite similar again. This
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finding is quite interesting for future aspects of cell production and battery management of

such cells. After cycling the cells, the semi-circles start to differentiate slowly.
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Figure 17 Impedance spectra for cells using electrodes #26 (solution-casted electrolytes);

e-g) have been conducted after conditioning. Framed areas are shown as insets
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Unfortunately, the second semi-circles (medium frequency regime) show no definite trend
over the course of the electrochemical tests.

Figure 16 shows the fitted impedance data for electrode #21. The effects found with
electrode #18 seem to apply again.

Figure 17 displays the fitted impedance spectra for cells using electrode #26 and solution-
casted electrolytes. Similar effects as in Figure 15 and Figure 16 can be found for the first
semi-circle of the spectra; the semi-circles seem to shrink due to the electrochemical
cycling. Interestingly, the effect appears not as pronounced as for cells using electrodes

#18 and #21.
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Figure 18 Mean ionic conductivities for all measured cell series

From the impedance data of all measured cells, the ionic conductivity of the electrolytes has
been calculated. The results can be found in Figure 18. The trends described previously
can be seen more clearly. The ionic conductivity of the cells using electrode #18 as a
cathode is found to increase by nearly a factor of 10 until the measurement after the
conditioning step. For all the following measurements, the ionic conductivity seems to level
of around a value of ¢ = 1.5 x 10~> S/cm (see also Table 1). Those values are similar to
previous values obtained by Freitag et al [18]. For electrode #21 an increase is also seen
also up to the measurement after the C-Rate test in the conditioned state, but on a lower
level; the increase is much smaller than for electrode #18. Electrodes #17 and #24 show
also show an increase in ionic conductivity values. Both have a similar increase until after
the C-Rate test.
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The lowest ionic conductivities are shown by the solution casted samples.

Figure 18 confirms the trend seen in Figure 15 and Figure 16. The results in ionic
conductivity are comparable to values known from literature. A summary of ionic
conductivities for electrospun and solution casted PEO-based electrolytes can be found in
Table 1. It can be seen that the ionic conductivities are in fact in accordance with values
found by previous publications using electrospun electrolytes of comparable compositions.
Interestingly, the ionic conductivity of the investigated electrolytes changes with a higher
number of cycles. This phenomenon seems to be coupled to the current applied during
cycling. For the first three cycling tests, a strong increase in ionic conductivity can be
observed for all electrospun electrolytes. After the conditioning, when all cells are set to a
capacity of 90 pAh and resulting currents are applied (18 — 450 pA), the ionic conductivity
seems to change less. There are some possible explanations for this phenomenon:

1. Expansion of the electrodes and slight compression of the fibers: According to
Banitaba et al and Freitag et al, smaller fibers and more contacting points between
the fibers lead to an increased ionic conductivity [17, 18].

2. Rupture of bigger fibers into smaller ones: From the SEM pictures in Figure 12 it can
be seen that some bigger fibers already have been damaged during the
electrospinning process. In case of mechanical stress due to cycling, these fibers
could disintegrate into smaller fibers which are favorable for increasing the ionic
conductivity [17, 18].

3. Change in the crystallinity: During cycling the crystallinity of the PEO fibers improves
by the movement of the ions within or along the fibers. Again, lower currents can
improve the crystallinity more than higher currents since the cut-off voltage is not
reached as fast.

A compression of the fibers during cycling would lead to the different effects.

During cycling with low currents, the electrode can expand and compress the electrolyte
slightly, resulting in an increased contact area between the electrospun fibers and therefore
leading to an increased ionic conductivity. For cycling with higher currents, the cathode is
not able to expand, since the cut-off voltage is reached to fast due to a high internal
resistance and therefore no more compression can occur; the ionic conductivity remains
nearly the same with the error bars; This would mean that the ionic conductivity changes
are only slightly to none for high current cycling tests. It can be seen from Figure 18 that the
mean ionic conductivity rises for all electrospun cell series until after the cell conditioning
measurements. The previous cycling experiments (formation, C-Rate-test, and
conditioning) use very small charging/discharging currents (see 3.2.3 for reference). Due to

the small capacities defined in the formation process, the currents during the first C-Rate
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test stays small as well; the range varies from 1 pA to 90 pA.

Another factor for the increase in ionic conductivity is caused by the cycle numbers. For
both the formation and the first C-Rate test the cycle numbers each cell must absolve is
fixed. This is not true for the conditioning. Since the cells gained capacity in a strongly
individual manner, it is decided to fixate the capacity to 90 pAh for all cells by conditioning.
To achieve this a conditioning step as described in 3.2.3 is used. This leads to a quite
different number of cycles for individual cells and therefore more compression cycles for
cells with longer conditioning. From the model proposed above (see 1 Expansion of the
electrodes) this leads to the conclusion that the increase in ionic conductivity is also linked
to the number of absolve cycles within a certain current range. Especially cell series #18
and #21 show interesting differences in these regards. Cells of series #18 took 77 cycles to
reach 90 yAh on average, while those of series #21 only took 29 cycles.

A third hint towards the proposed explanations includes data from solution-casted reference
cells. Since solution-casted electrolytes are not structured in a similar way compared to
electrospun electrolytes, no pores or fibers can create an increased contact surface and
thus increase the ionic conductivity. A stagnant ionic conductivity for solution-casted cells
(as seen in Figure 18) indicates towards the proposed interpretation.

Another possible explanation for the behavior of the ionic conductivity is mentioned in 2, the
rupture of bigger fibers into smaller ones. From SEM pictures shown in 3.3.1 during
electrospinning bigger fibers can be damaged by the electrostatic forces; the damage can
even lead to a complete decomposition into much smaller fibers. In case the pre-damaged
fibers would disintegrate during cycling (e.g., by mechanical stress due to cathode
expansion), the contact surface would increase due to the thinner fibers. This would lead to
an increase in ionic conductivity. The effects due to smaller currents and due to cycle
numbers would be the same as described for a compression of fibers into the pores;
actually, both explanations can play a role in interpreting the shown data. More elaborate
investigations need to be conducted to directly proof these theories; due to time limitations
these measurements are not part of this thesis but will be mentioned below.

Regarding the expansion of the electrodes, in-situ dilatation experiments can pose as a
suitable method to investigate. This would require enabling this battery system in a flexible
cell housing, e.g. Pouch. Efforts to transfer this battery system into a pouch cell housing on
a proof-of-concept level have been conducted. Due to time limitations, a thorough study on
pouch cells was not possible. Both solution-casted and electrospun cells must be
measured.

To gain insight regarding the decomposition of larger into smaller fibers, different

experiments may be proposed. One possible method could use x-ray or neutron
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Another explanation may be a change in crystallinity due to the cycling. This explanation for

radiography or tomography.

the increase of the ionic conductivity is possible, but, based on the data in this study, highly
unlikely. Since a lower number of crystalline phases in the PEO improves the ionic
conductivity, it could explain an increase over cycling.

A direct proof for this theory is not found in this thesis. A hint towards this theory would be
an increase in the ionic conductivity of the solution-casted electrolyte cells. Electrospun cells
should be not as effected, since the crystalline phase of electrospun PEO electrolytes is
suppressed according to Banitaba et al. [17] . An experiment to test this hypothesis could

be realize by an ex-situ XRD study or even an in-situ wide angle x-ray scattering experiment.

Interfacial resistances and capacitances

Besides the ionic conductivity, impedance measurements can also be used to gain
knowledge on the interfaces of batteries by analyzing the semi-circle in the medium- to low-
frequency regime. This data would be especially interesting since the different preparation
methods (e.g., EL-CELL punch for electrospun, cutting for solution-casted electrolytes) and
different surface morphologies (fibrous-discrete vs. continuous) might show strong
differences. However, the measurement and the analysis of this data is strongly dependent
on the state-of-charge (SOC) of the battery. A different SOC can lead to great problems and
misinterpretation in analyzing the data; this problem does not occur for the data gained in
the high-frequency regime of the PEIS data.

Regarding this thesis, this problem occurs in two different facets:

1. Defining the SOC: Since the capacity changes during the course of the
electrochemical tests and the number of cycles (see chapter 3.3.3) the SOC may
also change for each cell strongly.

2. Adjusting the SOC: Since all used cells show a quite high internal resistance,
adjusting the SOC proofs to be quite challenging. Before the impedance
measurements the cells are intended to be charged to a certain voltage, to assure
a similar SOC and open circuit voltage, but due to the strong differences in the
internal resistance, the charging step usually has no significant effect. Reducing the
current would not solve the problem completely, since the resistances compared
between the cell series vary much to strongly, so a defined SOC for all cells is not

easy to obtain.

Electrospun polymeric electrolytes and their use in All-Solid state batteries
51



m o

Because of these reasons, this thesis foregoes a detailed investigation regarding the
interfaces to avoid a severe misinterpretation and a false conclusion. The data gained on
this study can be found in the appendix.

Further knowledge on the used coin cells has to be gained and, based on that, refined

methods to obtain secure SOCs (e.g. by modified cycling methods) have to be developed.
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3.3.3 Analysis of full-cell data

In the following chapter electrochemical cycling data of full cells using electrospun
electrolytes and lithium metal anodes will be presented. The measurements presented here
are conducted according to the description in subchapter 2.4.3. The error bars are defined
by the standard deviation of the cell series.

A special focus is put on the data from cell series #18, #21 and #26, since all these cells
have completed the cycling tests. All electrode sheets have been manufactured from the

same batch. The area loadings can be found in Table 16 in the Appendix.
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3.3.3.1 Capacities and Coulombic efficiencies
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Figure 19 Formation and C-Rate test: CC charge and discharge capacities and coulombic efficiencies for cell

series a) ,b) #18, c¢), d) #21 and e), f) #26. The capacities are relative to the discharge capacity measured for

the third formation cycle of each cell

During Formation and C-Rate test

Figure 19 a), c) and e) show the mean CC charge and discharge capacities data gained

from the formation and the C-Rate test. It can be seen that during formation, which uses a

fixed small current of 1 YA, the capacity increases for all cell series. This phenomenon can

also be found in liquid electrolyte cells and is usually associated with the wetting on the

electrolyte-anode interface [121]. It is usually coupled to a coulombic efficiency smaller than
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unity [122]. This is in accordance with the coulombic efficiency found for the formation cycles
in Figure 19 b), f) and, within the error range, Figure 19 d).

During the CC-discharge C-Rate test, the capacities for cell series #18 show a strong
decrease while the coulombic efficiency values decrease too. From 2C-charge capacities
and coulombic efficiency drop to 0. This can be explained by the very high internal
resistance of the cells, as can be seen by the quite pronounced discrepancy between CC-
charge and discharge capacities. This leads to an increased voltage drop for higher current
values. The capacity loaded to the cell cannot be discharged and therefore both charge and
discharge capacities decrease drastically. This can also be found for cell series #21. In
difference to cell series #18, cell series #21 still works for a discharge current of 3C. This
may be an artifact created by the C-Rate test procedure. Since the C-Rate was normed to
the discharge capacity from the third formation cycle, strong differences on the currents
inflicted on the individual cells arise. The mean discharge capacity for cell series #21 is
9.192 pAh while for cell series #18 it is 13.084 pAh. It is therefore clear, that the charging
and discharging currents differ significantly during the C-Rate test. Cell series #26 displays
an exceptional behavior. The data gained from the discharge rate test seems to not follow
any pattern at all. Again, the explanation can be found in the discharge capacity of the third
formation cycle. The mean discharge capacity for cell series #26 is only at 3.240 pAh. This
leads to exceptionally small currents. For some C-Rates the currents are smaller than the
lower current limit provided by the measuring system. This leads to errors in the
measurement, rendering the C-Rate test for cell series #26 not conclusive enough. The
above-mentioned findings lead to the decision to condition the cells after the C-Rate test to
provide a similar level of all cells before further testing.

During the CC-charge rate test the measured capacities differ for charge and discharge
significantly. The reason here is that the slow discharge allows a “deep” discharge and,
even when the CC-charge rate is too high to charge the cell it is compensated by the CV-
charging phase. Another possible explanation could be lithium stripping. Interestingly, the
discharge capacity increases quite strongly for cell series #18 and #21 during the charge
rate test. At the end of the test the mean discharge capacity has increased to nearly 175%
for cell series #18 and nearly 900% for cell series #21. It also seems from the data that this
phenomenon occurs more pronounced for smaller cycling currents. This leads to the
conclusion, that the cathode used in all cell series has not reached its full potential after
formation and gradually releases its potential capacity, leading to an extremely theoretical
formation process. One possible explanation for this phenomenon may be found in the PEO
expansion mentioned in subchapter 3.3.2. Since PEO poses as an ionically conductive

matrix in the cathode it is possible that this PEO expands during cycling and reduces the
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pore volume within the electrode.

This leads to short ion migration pathways within the cathode and enables more lithium ions
to migrate to or from the electrolyte, leading to an increased capacity.

The C-Rate test for cell series #26 was aborted after the discharge rate test for three
reasons: First it was clear from the discharge rate test that no significant data could be
gained from continuing the test; second, due to the extremely small currents, the cells would
have been conditioned well above the aimed capacity of 90 pAh and comparison of data
between the cell series would have become nearly impossible. Third, the completion of the
C-Rate test would have taken a very long time and could have induced calendric aging

phenomena not present in the other cell series.
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Figure 20 Conditioning of cells: CC charge and discharge capacities and coulombic efficiencies for cell series

a) ,b) #18, c), d) #21 and e), f) #26. The capacities are relative to the discharge capacity measured for the third
formation cycle of each cell

Figure 20 shows the conditioning of the cell series #18, #21 and #26. As previously

mentioned, this step was necessary to provide a more comparable starting point for all cell

series. As described in subchapter 3.2.3, the conditioning step was stop when the discharge

capacity reached 90 pAh using a small current of 5yA. Such a small current was chosen,

since it was unclear whether higher currents, applied for a higher amount of cycles, could

actually lead to a decrease in capacity. Depending on the starting condition of each cell,
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conditioning took a different amount of cycles to be completed. Cell series #26 poses a
specialty among the cell series. It can be seen that the conditioning phase for this particular
cell series is quite short. This is mainly because the slow discharge C-Rate test in the
unconditioned state, which induced conditioning beforehand. It can be seen from Figure 20
e) that conditioning was already in an advanced state. Only few cycles were necessary to
reach 90 yAh. The coulombic seems to be quite unsteady during the conditioning cycles.
This could already implicate aging processes during the C-Rate test, which may be even
reversible. Further investigation on this particular topic has to be undertaken.

Figure 20 a) and c) show the capacity development for cell series #18 and #21, respectively.
Both cells series show a significant increase in both CC-charge and discharge capacity with
increasing cycle numbers. Interestingly, both cell series show sudden drops in capacities.
These drops are indicating a finished cell. For cell series #18, the first conditioned cell
occurred after 79 cycles, the second after 110 cycles. For cell series #21, the first cell
finished conditioning after the first cycle, the second after the 715t cycle. This shows the
strong differences between the individual cells even within one particular cell series.

It is of special interest, why the capacity increases during cycling for these cells. To see, if
an electrochemical reaction, similar to the build-up of an SEI, is involved, the coulombic
efficiency as well as dQ/dV-plots have been calculated from the data. The dQ/dV-plots will
be analyzed thoroughly later in the thesis. The coulombic efficiencies can be found in Figure
20 b), d) and f). For cell series #18 and #21 the coulombic efficiencies are close to unity for
nearly all cycles during conditioning. This indicates no additional electrochemical reactions
other than the lithium intercalation processes. For the first cycles during conditioning the
coulombic efficiency increases slightly first, which could be an equilibrating reaction induced
by the C-Rate test before.

The absence of additional electrochemical reactions during conditioning, which has to be
analyzed further using dQ/dV-plots, indicates a mechanism for increasing the capacity
which is purely relying on physical processes and could pose as an additional indication

towards the hypothesis mentioned earlier.
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Figure 21 C-Rate test after conditioning: CC charge and discharge capacities and coulombic efficiencies for cell

series a) ,b) #18, ¢), d) #21. The capacities are relative to the conditioned discharge capacity of 90 yAh

Figure 21 shows the C-Rate test conducted after fully conditioning the cells of cell series

#18 and #21. Both cell series show relatively similar trends. The discharge rate test shows

similar results found in the first C-Rate test before conditioning. Due to the much higher

currents, the C-Rate has been normalized to 90 yAh discharge capacity, only 0.2 and 0.5C

show charge and discharge capacities of more than 5% relative to 90 uAh. The high internal

resistances of the cells lead to a pronounced voltage drop, exceeding the lower cut-off-limit
at 2.0 V at an instant for C-Rates higher than 0.5C.

To gain insight whether the cells loss or gain capacity during “cycling” with such high

currents or maybe get damaged, three control cycles using 5uA charge/discharge currents

have been included to the C-Rate test procedure. From the first 5uA section it can be seen

that the cells do not lose capacity. Actually, the cells seem to gain capacity during the

discharge rate test. For both cell series the discharge capacity measured during this first 5

MA section manifest around a value of 120% relative to the conditioned 90 pAh.
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The coulombic efficiencies start near unity for low C-Rates but continue to drop quickly for
higher C-Rates. During the 5 pA section the coulombic efficiencies arise to values near unity
again.

The CC-charge rate test again resembles the data shown in Figure 19. The main difference
that occurs is that after conditioning no increase in the discharge capacity can be seen.
Interestingly, cell series #21 shows higher levels of discharge capacities compare to cell
series #18. Unfortunately, the data is not yet sufficient to be able to give a satisfactory
explanation for this phenomenon. More research has to be undertaken on this topic,
especially on the electrolyte/electrode interface. The coulombic efficiency during CC-charge
rate test is for both cell series close to unity.

This changes for the second 5 YA section of the test. While cell series #21 remains on the
same level in regards to capacities and coulombic efficiencies as during the first 5 pA
section, cell series #18 decreases dramatically. This may be due to a soft short circuit, which

seem to be reversible. Even due to this soft short, all cells could continue testing.
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Figure 22 C-Rate-Test after conditioning for cell series using electrode #26 a) mean relative capacities for CC
charging and discharging b) mean coulombic efficiency ¢) Zoom-in into the C-Rate-Test. The capacities are

relative to the conditioned discharge capacity of 90 uAh
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Figure 22 a) shows the C-Rate test after conditioning cells using a solution-casted
electrolyte. For both discharge and CC-charge rate tests, only a very small fraction of the
conditioned capacity can be used with these cells. In comparison to cell series #18 and #21,
which both use an electrospun electrolyte, the performance difference becomes quite clear.
For example, at a charge/discharge rate of 0.2C (equals 18 pA for a conditioned cell with
90 pAh) solution-casted electrolyte cells only reach discharge capacities around 1 pyAh.
Cells using an electrospun electrolyte easily reach capacity values of 36-54 pAh (see Figure
21). This seems to correlated to the ionic conductivity measured for the cells using different
types of electrolytes (see Figure 18). While cell series #26 only reach ionic conductivity
values of around 5 pS/cm, cell series #18 shows an enhanced ionic conductivity with nearly
a magnitude higher value.

Despite the great difference in capacity values, cell series #26 shows a similar behavior in
regard to the capacity development with increasing cycle numbers. For all investigated cell
series, the capacities seem to decrease over cycling with relatively high C-Rates (see Figure
21 a), c¢) and Figure 22 c)). Figure 22 c) shows one oddity though: during CC-charge rate
testing, the discharge capacity drops slightly at a charge rate of 1C. Since this section
appears for a second time in the charge rate test, the phenomenon can be seen twice.
Interestingly, for charge rates greater 1C the discharge capacity recovers.

During cycling with 5 pA the discharge capacities of cells using a solution-casted electrolyte
recover to values similar than for cells using electrospun electrolytes. The CC-charge
capacity remains at much smaller values for solution-casted compared to electrospun
electrolytes. The gap between charge and discharge capacities for cell series #26 hints,
that the internal resistance of these cells is much higher than the resistance for cells using
electrospun electrolyte.

Figure 22 b) shows the corresponding coulombic efficiencies gained from the C-Rate test.
The coulombic efficiencies show a high fluctuation, the mean values are not close to unity,
unlike the efficiency values reported for cells using an electrospun electrolyte (see Figure
21 b) and d)). An exception is posed by the values reported during 5 pA cycling. These
fluctuate around unity. Again, this can be correlated to the CV-charging or to Lithium
stripping from the lithium metal anode during discharge. This leads to the question whether
high currents induce additional electrochemical reactions within cells using a solution-

casted electrolyte.
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During Cycling tests

Figure 23 a) shows the capacity development for cell series #18. As expected from the
results of the C-Rate test after conditioning the cells, the discharge capacity drops
significantly for the first cycle. Figure 23 b) shows the capacity for 50 cycles at a
charge/discharge current of 32 pA. During the first four cycles (cycle number 55-59), the
discharge capacity increases. This may be due to an influence by the previous testing
procedure. More investigation on this topic is required, a satisfactory explanation con not
be found using only the data gathered during this thesis. After the fourth cycle, the capacity
decreases rapidly till the 25" cycle (cycle number 80) of this test. After this cycle, the
decrease in capacity seems to slow down. For some cycles the capacity stabilizes on a
certain level or even increases in a minor way. The coulombic efficiency (see Figure 23 e))

is fluctuating between values of 80 to 90 %, indicating, that there might occur additional
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Figure 23 Cycling data for cell series using electrode #18 a) overview on all cycling data b) focus on 0.35C

cycling c) focus on 0.5C cycling d) focus on 1C cycling e) coulombic efficiency during cycling

reactions during cycling. The following five cycles with currents of 5 pA show a slight

increase in capacity compared to the 5 pA cycling section before cycling at 0.35C. For

higher currents the capacity during the 5 pA cycling sections remains at this initial level,

indicating that no significant reactions regarding the capacity have occurred.

Electrospun polymeric electrolytes and their use in All-Solid state batteries
63



m o

Cycling at 0.5C gives a similar impression (see Figure 23 c)). During the first cycles the

discharge capacity increases slightly with a rather rapid decrease for the following cycles.

After cycle number 130 the capacity seems to level at very small values below 0.9 pAh.
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Figure 24 Cycling data for cell series using electrode #21 a) overview on all cycling data b) focus on 0.35C

cycling c) focus on 0.5C cycling d) focus on 1C cycling e) coulombic efficiency during cycling

Coulombic efficiencies drop even further for higher C-Rates up to the point, where the
charge capacity is not measured properly anymore. This leads to values far beyond unity.

The same applies to the coulombic efficiencies calculated for 1C cycling of the cells. During
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cycling at 1C (Figure 23 d)), nearly no charge is either charged or discharged. Due to the
voltage drop induced by the high currents the cut-off voltages are reached almost
immediately. It may be of interest to correct the cut-off voltages by this voltage difference to
further see the reaction of the cells to high currents in later experiments.

Figure 24 a) shows the cycling data for cell series #21. It depicts quite similar results than
cell series #18. The measured capacities during cycling with 0.35C are depicted in Figure
24 b). Compared to the results from cell series #18 (see Figure 23 b)), cell series #21 shows
some differences. While series #18 shows a steady decrease over 50 cycles, series #21
fluctuates around a mean relative capacity value of 18% (~16.2 yAh), with a small increase
to 20% for the last few cycles.

The general capacity values are constantly higher for cell series #21 compared to #18. It is
possible that this arises from a systematical advantage given by variations in the
manufacturing process. A hint towards this theory is found in Figure 19 a) and c). The
relative mean capacities reported in these two graphs show already a really strong
difference in capacity development during the C-Rate test. A similar phenomenon can be
found in Figure 20. Although it seems that the conditioning for cell series #21 and #18
proceed in a very similar way, this is only true for one particular cell of cell series #21. The
other cells of this series complete the conditioning process much faster than the cells of
series #18. This again leads to the conclusion, that the electrode used for cell series #21
had one particular advantage from the beginning to start. A detailed analysis which
manufacturing step is crucial for this advantage has to be undertaken in future. Based on
the hypothesis that the increase in capacity is due to a reduction in porosity within the
electrode, electrode manufacturing steps, such as mixing and coating, or modification steps,
such as laminating, may have to be taken into special focus. Especially the lamination
modification step may be the key step, since it applies both pressure and heat to the
polymeric electrode, therefore being able to change the electrode structure, similar to
calendaring electrodes for liquid electrolyte cells [123].

Figure 24 c) and d) show the data gathered for cycling at higher C-Rates of 0.5 and 1C,
respectively. For currents of 45 pA (0.5C), the capacity decreases in a rapid way. For 90
MA (1C) the capacity measurement is not reliable.

Figure 24 a) also shows the capacities measured during the 5 pA check-up steps. The
capacities gathered here are again higher compared to the capacities measured for cell
series #18. This again indicates that the cells of series #21 have an advantage over those
of series #18 regarding the cathode.

Another effect may be seen from this. While cell series #18 remain the capacities for cycling

at 5 pA after cycling at three different C-Rates, cell series #21 shows an increase not only
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during the 5 pA cycling, which is basically a continued conditioning for the cells, but also
directly after cycling at higher C-Rates. The relative mean discharge capacities of series

#18 stay between 120 and 128%, while the capacities of series #21 increase steadily.
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Figure 25 Cycling data for cell series using electrode #26 a) overview on all cycling data b) focus on 0.35C

cycling c) focus on 0.5C cycling d) focus on 1C cycling e) coulombic efficiency during cycling

After cycling at 0.35C the mean values start at around 133%, after cycling at 0.5C it

increased to around 141%. During this 5 pA cycling period it even increases to 153%.

Cycling at 1C, where it would not be expected, has also a conditioning effect on the cells,

showing a mean capacity of 158% for the first consecutive 5 pyA cycle and 164% for the last,

indicating once again an advantageous cathode compared to electrode #18.

The development of the coulombic efficiencies shows the exact same behavior as for cell
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series #18 (see Figure 23 and Figure 24).

The cycling data for cells using a solution-casted electrolyte is shown in Figure 25 a). It is
easily seen that these cells have a much worse performance compared to both sets of cells
using an electrospun electrolyte. The capacity development for cycling the cells at 0.35C is
depicted in Figure 25 b). At first glance the capacity stays quite stable over the course of 50
cycles. But the capacity values are by far smaller compared to the values measured for all
cell series with an electrospun electrolyte. While cells of series #21 reach values around 18
MAh, cell with a solution-casted electrolyte (cell series #26) merely reach values smaller
than 0.18 pAh, a result as expected from the data gathered at this point. Cycling these cells
at even higher currents does not lead to further results, since the cells immediately reach
the set cut-off voltages.

The 5 A cycling sections reveal an interesting difference between solution-casted and
electrospun electrolytes. While the electrospun electrolytes are able to keep their
conditioned capacity (see Figure 23, cell series #18) or are even able to further improve
their capacity by cycling at high currents (see Figure 24, cell series #21), cells with a
solution-casted electrolyte lose capacity. After 50 cycles at 1C the capacity measured
during cycling with 5 pA drops even below the initially conditioned 90 pAh. This may have
several reasons: First the used electrode may be the issue. As already described in
subchapter 2.3.3, the electrodes have been prepared as sheets. It is therefore possible that
the preparation steps, e.g. lamination, have had different effect. Second, due to time
limitations as well as to prevent over-conditioning of cell series #26, the C-Rate test before
conditioning the cells has been stopped before the 2C CC-charge rate test. It is possible,
that during this charge rate test important processes take place within the cathode so that
it shows worse performance than the cells of the other cells series, which have completed
the C-Rate test before conditioning the cells. Nevertheless, a worse performance from cells
using solution-casted electrolytes compared to electrospun electrolytes has been expected.
This arises from the PEIS data gathered on the cells, which clearly show that the
electrospun electrolytes have an advantage regarding the ionic conductivity at room
temperature (see Figure 18).

The coulombic efficiencies are shown in Figure 25 e). These show also quite the differences
when compared with efficiencies calculated for cell series #18 and #21. During 50 cycles at
0.35C the coulombic efficiency drops to values between 15 and 30 %, while for series #18
and #21 values between 60 to 90 % are reported. This may indicate that additional
electrochemical reaction take place. For 0.5C and 1C the efficiencies may not be reliable,
since the cut-off voltages are reached too fast. This may lead too much to high errors and

misinterpretations.

Electrospun polymeric electrolytes and their use in All-Solid state batteries
68



mmo

3.3.3.2 Internal resistances

During C-Rate tests
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Figure 26 Internal resistances measured during C-Rate test for cell series a) #18, b) #21 and c) #26

Figure 26 shows the internal resistances of the cells for all finished cell series. The internal
resistance is measured by the BasyTec measurement set-up automatically, starting from
the first C-Rate test and labeled Rpc. Figure 26 a) shows the development of the resistance
values during the first C-Rate test for cell series #18. The values measured during charging
and discharging steps are plotted separately to see if any differences occur. As can be
seen, during the discharging rate test the internal resistance for both charging and
discharging show no significant difference within the error range. This changes during the
charging rate test. While the discharging resistance values seemingly scatter around 28 kQ,
the charging resistance values drop to values below 20 kQ, starting from a charging rate of
0.5C. Similar findings can be seen for cell series #21 in Figure 26 b). The deviation of charge
and discharge internal resistance values seems to correlated with the deviation of the
charge and discharge capacities measured for these cells (see Figure 19 a) and c)). Since
the Coulombic efficiency during the charge rate test is close to unity for both cell series (see

Figure 19 b) and d)), additionally occurring chemical reactions may not be an imperative
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part to explaining this phenomenon. Additionally, an expansion of the active materials within
the cathode might be able to rise an explanation. Assuming the NMC+11 expands during
discharging (insertion of lithium ions into the active materials) and shrinks during charging
(depletion of the active materials from lithium ions) of the battery, the porosity of the
electrode changes. This not only enables lithium ions to move in a more direct manner but
also allows electrons to move more along shortened paths, realizing a decreased internal
resistance. This hypothesis is not proven by this data but hinted. A direct experimental proof
has to be undertaken to fully understand this phenomenon and to enlighten the mechanisms
responsible for the observed behavior of the cells.

Figure 26 c) shows the data generated for cell series #26 during the discharge rate test. No
data was gathered during the charge rate test. The reasons for this have been mentioned
before. For the discharge rate test, similar observations as found for the other cells series

can be seen.
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During Conditioning
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Figure 27 Internal resistances measured during cell conditioning for cell series a) #18, b) #21 and c) #26

Figure 27 a) shows the internal resistance values measured during the conditioning of cell
series #18. At the beginning of the conditioning the resistance values are quite similar for
both charge and discharge steps. A few cycles into the conditioning, the discharge
resistance values scatter around a slightly higher resistance level compared to the charge
values. For the last cycles, the values seemingly return to similar values, but this is only true
for the longest lasting cell during conditioning. Interestingly, both charge and discharge
resistance values steadily decrease along the advancing conditioning. Again, this correlates
with the increase found in Figure 20 a).

Figure 27 b) shows the internal resistance development of cell series #21 during
conditioning of the cells. For about 25 cycles a deviation between charge and discharge
resistance values can be found. Afterwards, two cells have finished the conditioning process
and only the last remaining cell is shown. For this cell, the resistance values are nearly the
same, a behavior expected for charging and discharging with equal currents. Again, a
decrease of the resistance values can be found over the course of the conditioning.

Figure 27 c) shows Roc values for cell series #26. It can easily be seen that the conditioning
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for these cells only took few cycles, confirming the assumption, that these cells have been
more affected by pre-conditioning during the first C-Rate test compared to the electrospun

electrolyte cells.
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Figure 28 Internal resistances measured during C-Rate test after conditioning for cell series a) #18, b) #21 and

c) #26

Figure 28 a) shows the internal resistance development of cell series #18 during the C-Rate

test in a conditioned state. In contrast to the Rpc values measured for the previous C-Rate

test, the internal resistance values show a smaller deviation between charging and

discharging steps. During the discharging C-Rate test the resistance values increase

slightly, starting from 0.5C discharging current. Interestingly, during the 5 pA cycling step

between the discharging and the charging C-Rate test, the resistance values measured for

discharging deviate for the second and third cycle. Similar effect can be found for the second

5 PA cycling step at the end of the charge C-Rate test.

Another observation to be seen from the C-Rate test is the development of the resistance

during the charge Rate test. It can be seen, that during the charge rate test the resistance

values drop compared to the values seen at the end of the discharge rate test. Additionally,

the is no steady in- or decrease found during the charge rate test in contrast to the discharge

rate test. For 3C and 5C charging rates both the charge and discharge resistance drop

significantly. This is interesting, since a change in the charge resistance may be explained
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by a significant measuring error caused by the rapid rise in voltage due to the high currents
of 180 uA and 450 pA, respectively. The values of the discharge resistance are not expected
to change, since the current is not changed during the charge C-Rate test. It seems that the
development of the resistance is dependent of the cycles previous cycles. Another possible
explanation could be that during the short high voltage measured during high C-Rate
charging the electrolyte gets polarized.

Figure 28 c) shows the resistance measured for cell series #26 during the second C-Rate
test. It shows significant differences compared to the cell series using an electrospun
electrolyte. The overall resistance values are significantly higher compared to Figure 28 a)
and b) without a steady in- or decrease in the course of the C-Rate test. Interestingly, for
higher C-Rates (2C and up), during discharging C-Rate testing the values of the discharge
resistance increase, reversibly. The charge resistance stays the same. During charging C-
Rate testing, the values of the charge resistance decrease for higher C-Rates, again
reversibly. Also, the discharge resistance stays at a stable level. Contrary to the findings in

Figure 28 a) and b) both resistances increase during 5 pA cycling.

Electrospun polymeric electrolytes and their use in All-Solid state batteries
74



mmo

During Cycling tests
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Figure 29 Internal resistance for cell series #18 during all cycling tests

Figure 29 shows the resistance development for cycling cell series #18 at three different C-
Rates. From this plot it can be seen that the resistance increases slightly with the number
of cycles. It seems for the resistance values to converge against a limit around 15 kQ for all
tested C-Rates. While C-Rates 0.35C and 0.5C show a slight difference in values between
charging and discharging, 1C has no such gap. Interestingly, cycling at 1C shows the lowest
resistance values among the three tested C-Rates. This data seems to be in accordance
with the results seen in the C-Rate test before.

In addition, it again seems that the correlation found with Figure 20 and Figure 27 between
the resistance and the capacitance seem to be applying here again. While the capacities
during cycling decrease, the resistances increase in a similar manner.

In Figure 29 cycling at 5 pA between the higher C-Rates is also plotted. Different to the
behavior during cycling at high currents, a pronounced gap between charging and
discharging resistances can be found. While the charge values drop significantly compared

to the last cycles at high currents, the discharge value increases rapidly. Gaps between the
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two resistances have been found also during the second C-Rate test and partially during

conditioning, but neither have been the difference between charge and discharge this
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Figure 30 Internal resistance for cell series #21 during all cycling tests

pronounced. It may seem that the resistances are dependent on the cycling beforehand.

Figure 30 shows the development of the internal resistance during cycling at different C-
Rates. In comparison to Figure 29, a more pronounced difference between the charging
and discharging resistance measured at 0.35C. While cell series #18 shows an increase in
the resistance during 50 cycles at 0.35C, cell series #21 remains at a stable level. During
the 5 YA cycles following the difference between charging and discharging resistances
rapidly increases, as seen for cell series #18. Comparing Figure 24 and Figure 30 it can
again be found, that the development of the capacity and the development of the
corresponding internal resistance are reversed: while for 1C the resistance values increase
with increased cycle numbers, seemingly converging to a limit lightly above 15 kQ, the
capacities are decreasing (see Figure 24 c)). In addition, a correlation between the
difference between charging and discharging resistance and the difference between the CC
charging and discharging capacities can be found from Figure 24 b)-d) and Figure 30. It

seems, that the greater the difference between the capacities is, the greater the difference
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between Rpc-values. A possible explanation may be found in the chosen cut-off voltage
limits. During cycling with different C-Rates, the cut-off voltage upper limit is often reached
nearly instantly, therefore nearly no capacity is measured. For discharging the limit is
chosen more suitably, hence a measurable discharge phase can be seen. The Rpc-values
are calculated by using the voltage difference after a pause and at the start of a charge or
discharge step. For most CC-charge phases, the voltage is overshoot to values between
4.5 to more than 6 V, leading to only a short pulse of current on the cell and to resistance
values without ionic conduction or interface transition phenomena. For some discharge
steps a capacity can be measured, the cut-off voltage is not reached immediately.
Therefore, the resistance includes ionic conduction and interface transition phenomena and
may be higher. For higher discharging currents, the same effects as mentioned for CC
charging may apply and the resistances for charging and discharging approach each other.
The increase in resistance values may be caused by polarization phenomena within the
PEO. Since high currents are applied over many cycles and a certain asymmetry between
charging and discharging is seen, a concentration gradient can arise within the cell,
assuming that no lithium ions are stripped from the lithium anode during discharge. A
possible explanation is the contact area between the electrolyte and the lithium metal. Since
no thermal annealing step has been undertaken to improve the electrode-electrolyte
interface it is possible that these interfaces vary strongly between the cells. These discreet
contact points may limit lithium diffusion into the electrolyte at high currents and lead
therefore to an accumulation of ions at the cathode during charging; this leads therefore to
an overall polarization within the cell and an opposing electric field. Since the charging step
is essentially not conducted, the accumulation of charges is not reversed and builds up with
more cycles. This may be measured as an increase in the Rpc discharge value. For too high
currents no ion conduction in either way is conducted and therefore no increase in
resistance can be measured. As an experiment to test this hypothesis full cells with and
without thermal annealing could be measured to see if any differences in the Roc values
can linked to discreet contact points on the electrode-electrolyte interfaces, including a
carefully conducted impedance study to find out more on the electrochemical character of
these interfaces. Additionally, modified test procedures regarding the cut-off voltages can
be used to be able to fully study full cells without the limitation of ohmic overpotential. This
applies also to cell series #18 and the corresponding C-Rate tests after conditioning of the

cells.
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Figure 31 Internal resistance for cell series #26 during all cycling tests

Figure 31 shows the behavior of the internal resistance during cycling at 0.35, 0.5 and 1C.
It can be seen easily that the internal resistance, unlike cell series #18 and #21, stays
constant for cycling at all C-Rates. Additionally, differences between charging and
discharging have vanished completely. As mentioned above, the reason is the ohmic
overpotential for these high currents. Due to the even slower ion migration within the
solution-casted electrolyte (see Figure 18 and Figure 22) these cells reach the cut-off
voltage in an instant, for both charging and discharging. Therefore, as described above, the
resistance values approach each other as well as a certain limit value. Since these
phenomena effect the cells for all C-Rates, the Rpc values stay at around 21 kQ, significantly
higher compared to cell series #18 and #21.

From Figure 31 the resistance values during 5 pA cycling can be seen. Here a gap between
charge and discharge resistance can be observed, similar to what has been observed for
other 5 YA cycling steps, e.g., during C-Rate test. Interestingly, the values measured for the
charging resistance are above the values during high C-Rate cycling. This has only been
seen for cell series #26 and can also be found in Figure 28. Additionally, the gap between

the resistances is smaller compared to cell series #18 and #21. This again may be caused
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3.3.3.3 dQ/dV investigation on possible side reactions
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Figure 32 dQ/dV-Plots for cell series #18 during electrochemical cycling with 5 UA currents. a) Final cycle of the

conditioning process b) 5uA cycling after discharge C-Rate test c) 5uA cycling after charge C-Rate test d) after
0.35C e) 0.5C and f) 1C cycling

Figure 32 show dQ/dV-plots for all individual cells of cell series #18 derived from cycling

with 5 pA currents starting from the final cycle of conditioning to 1C cycling. For all plots

only one peak during charging and one peak during discharging is observed.
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Figure 33 dQ/dV-Plots for cell series #21 during electrochemical cycling with 5 uA currents. a) Final cycle of the
conditioning process b) 5uA cycling after discharge C-Rate test c) 5uA cycling after charge C-Rate test d) after
0.35C e) 0.5C and f) 1C cycling

These peaks have been identified as the NMC114 intercalation and deintercalation peaks,
respectively. For each measurement an increase in charges being intercalated can be
derived from the plots. This is in accordance with the findings in Figure 20 to Figure 25,
where an increase in capacity can be found for cell series #18 during cycling with 5 pA. The
shift between the peaks hints a rather large internal resistance, which is in accordance with

the values reported in Figure 26 to Figure 31. Additionally, no supplementary peaks outside
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Figure 34 dQ/dV-Plots for cell series #26 during electrochemical cycling with 5 uA currents. a) Final cycle of

the conditioning process b) 5uA cycling after discharge C-Rate test c) 5uA cycling after charge C-Rate test
d) after 0.35C e) 0.5C and f) 1C cycling

the intercalation peaks have been found, which supports the conclusion, that no additional

electrochemical reactions take place during cycling of the cells. This also applies to cell

series #21 (see Figure 33).

Figure 34 shows the dQ/dV-data derived for cell series #26. In comparison to data gathered

for cell series #18 and #21 the higher internal resistance with these cells can be seen. This

is in accordance with the previous results. Additional peaks may be found within this data,
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but unfortunately the raw data gathered for this cell series showed fluctuations of voltage
during charging and discharging after conditioning. While these fluctuations did not occur
for cell series #18 and #21 and had no significant effect on the determination of the
capacities and internal resistance values, they generate additional signal noise within the
dQ/dV-plots. It is therefore not possible to make statements on additional electrochemical
reactions taking place based on this data. Additionally, no countermeasures regarding an
internal resistance correction have been undertaken, since the data was calculated from
cycling data. This leads to the strong displacements between the intercalation peaks during
charging and discharging.

To gain more information on this topic additional CV experiments after or during the cycling
experiments must be conducted. Due to time limitations, these experiments were not

undertaken in the course of this thesis.
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3.3.4 XRD data analysis
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Figure 35 XRD spectra of pristine and post-mortem electrodes, both with and without electrospun PEO-based

electrolytes

One observation from chapter 3.3.3 is an increase in capacity seen in all measured cells.
This increase was in fact different for each individual cell, leading to the conclusion, that the
increase must have been to changes within the electrode. Since the electrode binder
material used in this thesis is PEO (see chapter 2.3.3), a change in the crystallinity due to
the forced ion movement could be plausible. To test this hypotheses XRD measurements
have been conducted on pristine and post-mortem electrodes, both with and without the
electrospun PEO electrolyte. The results of these experiments can be found in . The
samples have been prepared under an argon atmosphere. The sample of a pristine
electrode without the electrolyte and the current collector was additionally prepared by
scraping off the electrode coating from the current collector and using only the electrode
powder for analysis. The powder or the electrodes, respectively, were fixed between two
stripes of adhesive tape, which itself did not cause noteworthy background scattering during
the XRD measurement. The reference spectrum for PEO was simulated and not measured

directly.
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Figure 35 shows XRD spectra of pristine and post-mortem electrodes. The dotted orange
lines represent the positions of XRD reflexes for NMC+11 which also poses as a major
species within the electrode. As a reference for the peak positions the work of Yabuuichi et
al. is used [124].

It can easily be seen, that for all samples intensive peaks associated with NMC441 are
present. This poses no surprise since the electrode consists of mostly this material.
Especially samples without an electrospun PEO electrolyte show no peaks other than those
associated to NMC. Possible peaks coming from the PEO within the electrode coating are
too weak to be seen in these samples. Therefore, no statement on the crystallinity of the
PEO within the electrode coating can be made.

Samples with an electrospun PEO electrolyte do show PEO crystallinity peaks. The pristine
state does not show drastic changes in the XRD spectrum compared to the post-mortem
state (middle of the electrode). Both spectra measured for the post-mortem state show a
slight shoulder between about 13 to 30 degrees. This might be a change due to the cycling
of the cell and may be an additional explanation for the increase in ionic conductivity seen
for these cells, but further investigations must be conducted for a definite statement.

The most pronounced changes can be seen for the post-mortem state at the rim of the
electrode. This spectrum shows the most peaks with increased intensities for peaks
associated with PEO. A possible explanation can be the pressure exerted during the
punching process. Since the used punch exerts more pressure on the rim of the electrode
than the middle, the fibers lose their morphology and return to a state similar to a solution-
casted electrolyte with a higher degree of PEO crystallinity. Similar behavior was described
by Freitag et al [18], who measured the ionic conductivity for PEO membranes under
different pressures and found a decreasing ionic conductivity for increasing pressures,
leading to the conclusion that the fibers lose their form and return to an solution-casted

state.
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3.4 Conclusions

Solid-state lithium-ion batteries were studied using PEIS and cycling experiments. From the
electrochemical data gained, e.g., cycling tests, it can be seen that the cathode was not
fully activated over the course of the experiments, leading to an increase of discharge
capacity. The impedance measurements after each cycling experiment reveal an increase
in the ionic conductivity for cycling experiments using small currents. Additionally,
conditioning the cells using a constant small current for all cells leads to strong differences
in both ionic conductivity after the conditioning and the cycling numbers needed to fulfill the
conditioning criterium. This leads to the conclusion, that the increase in ionic conductivity is
mainly dependent on the cycling currents and the cycling numbers. This effect is only
observed for cells using an electrospun electrolyte; solution-casted reference cells do not
show these effects. These effects may be due to an expansion of the electrodes within the
system, pressing the fibers of the electrospun electrolytes into the pores, thus increasing
the effective area and the ionic conductivity.

Investigations on the electrolyte/electrode interface have been intended by PEIS, but due
to difficulties in defining and adjusting the SOC in the used coin cells, the data gathered
may not be accurate enough to come to a safe conclusion.

Another intriguing effect is found in the cycling data. For small currents an increase in the
capacity can be seen for all used cells. No additional reactions other than an increasing
NMC-peak can be found in corresponding dQ/dV-plots, rendering an additional reaction
(e.g., decomposition) unlikely. XRD data of post-mortem opened cells show no significant
reduction of PEO crystallites within the electrode. This may lead to the conclusion, that the
active materials used within the electrode may expand and therefore reduce the porosity
and tortuosity, leading to shorter migration ways and more active NMC-particles.

For conducted battery tests (PEIS, cycling and C-Rate tests), the electrospun electrolytes
display a superior performance compared to the solution-casted cells; especially the internal
resistances are much lower for electrospun electrolytes.

More research is needed to fully understand the effects described in this thesis, especially

direct measurement methods for these phenomena must be implemented.
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4. Electrospun PFSA/PEO solid electrolyte for ASSBs

4.1 Introduction

In the following chapter a PFSA-based solid electrolyte and its spinning characteristics are
in the focus. Different combinations of PFSA, PEO, Lithium salt and solvents are under
investigation in regard to finding an optimized solution. From pre-tests it is known that PEO
is needed to form fibers. A matrix of possible formulations is defined and judged based on
criteria like the ability to form fibers during electrospinning, the ionic conductivity of the
materials combinations (see chapter 4.2.1). The spinning results are analyzed using optical
microcopy and SEM. The ionic conductivity is characterized using impedance spectroscopy
of solution casted samples. To gain further insight into the materials, DSC measurements
are conducted. The most suitable electrospun electrolyte is tested using electrochemical

cycling within a full cell set-up.
4.2 Process development of a suitable electrolyte solution
4.2.1 Requirements to the solution

Since it is not possible to check all possible combinations of compositions, concentrations
and solvents in the context of this thesis for their performance in all-solid-state lithium-ion
batteries, one has to find ways to filter for promising candidates, therefore, to define
requirements to the solutions or dispersions.

For this thesis, solutions or dispersions must fulfill three requirements to be as a candidate

for an electrospun electrolyte:

1. The solution or dispersion must be stable for the entire electrospinning process.
Otherwise, precipitating polymers can change the composition of the corresponding
fibers as well as interrupt the spinning process by clogging the feed.

To check this requirement, different possible compositions and concentrations are
mixed in different solvents and are qualitatively checked for precipitating ingredients

over a long period of time.
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2. Furthermore, it has to be of the right concentration to be able to produce fibers under
spinning conditions (e.g., relative humidity) and parameters (e.g. voltage, emitter-
collector distance) realizable with the used set-up.

In this thesis solutions or dispersions which match with the first requirement will be
tried in the electrospinning process for a shorter period of time and for different
spinning parameters. Possible fibers produced in this process are investigated using
suitable techniques (e.g., Optical (OM) or Scanning Electron Microscopy (SEM)). In
addition, solutions which show the ability to form fibers are tested in long-time

electrospinning tests, to form thicker fiber mats.

3. On the other hand, the composition of the solution or dispersion has to be
engineered such that the fiber material shows the desired functionality. It is not
reasonable to design a solution or dispersion using a high amount of a materials,
possibly as an auxiliary to tune or enable spinning, that the resulting fibers do not
meet the required functionality anymore.

This requirement will be implemented by measurement. In case there are several
solutions or dispersions matching with the above-mentioned requirements, the
functionality of the resulting material will be of most interest. Since the ionic
conductivity defines the usefulness of a solid electrolyte, it is also our most prioritized
material characteristic. It can be easily determined using Electrochemical

Impedance Spectroscopy (EIS).

Material 1

Material 2 Composition 1
Mg i -
Material 3 Composition 2 Requirements 1-3

Final
Composition

Solvent 1

Solvent 2

Figure 36 Schematic used for narrowing down possible compositions used in this thesis

4.2.2 Experimental

Table 12 shows all the used PFSA solution formulations used in this thesis. To calculate

the necessary lithium salt, ratios between lithium and ethylene oxide units (LI/EO) and
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sulfonic acid units (Li/SA) have been set to 1/1 LI/EO and 1.2/1 Li/SA.

The main reason for this high lithium contents is a possible ion exchange between the
sulfonic acid and the lithium. The contents have been chosen in a way to ensure an excess
of lithium ions even in case that all sulfonic acid units and all ethylene oxide units have been

PFSA solution parameters

Solution concentration Solvent Weight percentage Solution

PFSA/PEO Code
5 wt% Deionized water 9/1 1.1.1
10 wt% Deionized water 9/1 1.1.2
15 wt% Deionized water 9/1 1.1.3
5 wt% Deionized water/Ethanol 9/1 1.2.1
10 wt% Deionized water/Ethanol 9/1 1.2.2
15 wt% Deionized water/Ethanol 9/1 1.2.3
5 wt% Ethanol 9/1 1.3.1
10 wt% Ethanol 9/1 1.3.2
15 wt% Ethanol 9/1 1.3.3
5 wt% Deionized water 19/1 2.1.1
10 wt% Deionized water 19/1 2.1.2
15 wt% Deionized water 19/1 2.1.3
5 wt% Deionized water/Ethanol 19/1 2.2.1
10 wt% Deionized water/Ethanol 19/1 2.2.2
15 wt% Deionized water/Ethanol 19/1 2.2.3
5 wt% Ethanol 19/1 2.3.1
10 wt% Ethanol 19/1 2.3.2
15 wt% Ethanol 19/1 2.3.3
5 wt% Deionized water 99/1 3.1.1
10 wt% Deionized water 99/1 3.1.2
15 wt% Deionized water 99/1 3.1.3
5 wt% Deionized water/Ethanol 99/1 3.2.1
10 wt% Deionized water/Ethanol 99/1 3.2.2
15 wt% Deionized water/Ethanol 99/1 3.2.3
5 wt% Ethanol 99/1 3.3.1
10 wt% Ethanol 99/1 3.3.2
15 wt% Ethanol 99/1 3.3.3

Table 12 PFSA solutions investigated in this thesis; the Li/ethylene oxide ratio is fixed at 1/1

and the Li/sulfuric acid is fixed at 1.2/1 for all solutions

fully coordinated with lithium. The solution concentration mentioned in Table 12 refers to

the total solids content in relation to the solvent.

4.2.2.1 Scanning electron microscopy

For scanning electron microscopy, a Zeiss Merlin VP compact (Carl Zeiss Jena GmbH,
Jena, Germany) with a secondary electron detector was used. The acceleration voltage for
the electrons was chosen to be in the range of 1 to 1.5 kV in order to avoid electrostatic
charging on the polymers. The chosen aperture size was 30 uym for all experiments. All
experiments have been conducted under high vacuum. The same set-up and parameters
are used to analyze the PEO fibers, as described in chapter 3.2.1.

The samples for both optical and scanning electron microscopy have been prepared under
normal atmosphere, but storage as well as transport have been conducted under argon
atmosphere. SEM samples have been punched using a punching iron of 10 mm diameter

to fit the sample holders used in the SEM.
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For analyzing microscopy data freeware software Fiji and ImageJ have been used.

4.2.2.2 Impedance spectroscopy
Impedance measurements have been conducted using an Autolab PGSTAT204 (Metrohm
AG, Herisau, Switzerland) potentiostat. The frequency range for all PEIS experiments was
set to be 100 kHz to 10 mHz. The cells were connected to the potentiostat by using a coin
cell holder as shown in Figure 9.
Impedance measurements included the following steps:

1. Open circuit voltage (OCV) measurement

2. Relaxation period for two hours; accompanied with an OCV measurement

3. Impedance measurement
The data analysis and fitting were conducted with EC-Lab V10.44 software (Biologic,

Seyssinet-Pariset, France) using its Z-Fit function.

Qa4
\\
7 R,
R3/s
QZ 1 _—
s
—N— .
QZ 2
_>>_ Q
\\
V/4

Figure 37 Equivalent circuit model used for fitting impedance spectra of solution-casted PFSA-based

electrolytes

Due to a differing cell structure compared to the cells presented in chapter 3, a differing
impedance model is used (see Figure 37). The nomenclature of this model has been
adapted to show the similarities as well as the differences to Figure 14. The main

contributions are:

Electrospun polymeric electrolytes and their use in All-Solid state batteries
89



m o

e Two capacitances Q2.1 and Q22, which account for polarization of the electrolyte,
behaving differently at the two electrodes; this may be due to the manufacturing
process, where solution is drop-casted onto one electrode and the second one is
added after drying

¢ Inductance L: Accounts for the inductance of the experimental set-up

e Capacitance Q1: Geometric capacitance of the cell

e Capacitance Qa: Electrode-electrolyte interface capacitance

¢ Resistance Rau: Electrode-electrolyte interface resistance

o Resistance Ro: Bulk electrolyte resistance
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Transference numbers are determined using an Autolab PGSTAT204 (Metrohm AG,

4.2.2.3 Determination of transference numbers

Herisau, Switzerland) potentiostat. The determination Transference number measurements
included the following steps:
1. Open circuit voltage (OCV) measurement
Application of voltage to counter previous polarization
Open circuit voltage (OCV) measurement
First impedance measurement

Open circuit voltage (OCV) measurement

o bk wDdN

Application of 0.1 V voltage step and recording of the current response over a
time period of 2 hours

7. Open circuit voltage (OCV) measurement

8. Second impedance measurement

The transference number is then calculated using the Bruce-Vincent method [94]:

+_ ssc(AV —LhRo) Eq.7
IO(AV - ISSCRSSC)

AV is a small voltage used to polarize the sample. This voltage induces a current response,
which is measured until the current reaches a steady state. |o refers to the current measured
immediately after the sample polarization, while Issc describes the current of the sample in
a steady state after polarization. Ry is the resistance of the electrolyte determined by fitting
the impedance spectrum obtained during the first impedance measurement; analogous,
Rssc is determined from the second impedance measurement. All impedance data was

fitted using the model described in Figure 37.

Electrospun polymeric electrolytes and their use in All-Solid state batteries
91



m o

4.2.3 Results and Discussion

4.2.3.1 Long-term stability of the solutions

PFSA solution parameters

Solution concentration

Solvent

Weight percentage

PFSA/PEO
5 wt% Deionized water 9/1
10 wt% Deionized water 9/1
15 wt% Deionized water 9/1
5 wt% Deionized water/Ethanol 9/1
10 wt% Deionized water/Ethanol 9/1
15 wt% Deionized water/Ethanol 9/1
5 wt% Ethanol 9/1
10 wt% Ethanol 9/1
15 wt% Ethanol 9/1
5 wt% Deionized water 19/1
10 wt% Deionized water 19/1
15 wt% Deionized water 19/1
5 wt% Deionized water/Ethanol 19/1
10 wt% Deionized water/Ethanol 19/1
15 wt% Deionized water/Ethanol 19/1
5 wt% Ethanol 19/1
10 wt% Ethanol 19/1
15 wt% Ethanol 19/1
5 wt% Deionized water 99/1
10 wt% Deionized water 99/1
15 wt% Deionized water 99/1
5 wt% Deionized water/Ethanol 99/1
10 wt% Deionized water/Ethanol 99/1
15 wt% Deionized water/Ethanol 99/1
5 wt% Ethanol 99/1
10 wt% Ethanol 99/1
15 wt% Ethanol 99/1

Table 13 Solutions meeting the stability criterium (green); failed solutions (red)

Since the electrospinning process can take up to 12 h to produce a fiber mat of suitable
thickness to be used as a solid-state electrolyte, the solutions have to be stable for at least
12 h under room temperature (see requirement 1, chapter 4.2.1). To test the stability, a
small amount, usually around 5 ml of the solution in question, is prepared in a glass vile.
The vile is then placed inside the fume cupboard overnight. To be able to determine the
time, when an unstable solution starts to fail, a camera is set up to take a picture every ten

seconds. The first and the last picture for each solution can be found in the appendix (see

Solution stability).

All solutions meeting the stability criterium can be found in Table 13.
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4.2.3.2 Impedance spectroscopy of solution-casted mixtures
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Figure 38 a) Impedance spectra for PFSA-based solution-casted electrolytes b) Zoom-in of impedance

spectra marked by the red box in a)

Figure 38 shows the impedance spectra measured for spinnable solution-casted impedance
samples from spinnable mixtures (see Table 15). These spectra are gained during the
transference number measurement after the polarization step (see 4.2.2.3). The measured
cells are structured in a different way compared to chapter 3; while in chapter 3 full cells
have been constructed, here symmetric cells comprising from two stainless steel electrodes
and the drop-casted electrolyte are built. Therefore, no cycling experiments nor any kind of
conditioning have been conducted with these cells.

Compared to the electrospun PEO membranes investigated in chapter 3.2.2, these samples
show a highly increased resistance. Especially the sample for mixture 2.2.3 shows a very
large semi-circle as well as a very high scattering of data points for high impedance. A
possible explanation can be that the currents measured by the potentiostat reached its
resolution limit. The data measured for all other samples does not show such pronounced

scattering and were fitted nicely by the equivalent circuit model proposed in Figure 37.

Solution lonic conductivity [S/cm] Transference number
1.2.1 466 x 1071° + 1.16 x 1071° | 1.80 x 10719 + 2.69 x 107
1.2.2 990 x 1078 + 2.15 x 1071® | 815 x 1071% + 1.49 x 1075
2.21 1.12 x 1077 + 2.38 x 1078 133 x 1079 + 3.73 x 107*
2.2.2 7.80 X 107° + 543 x 107° 1.99 x 1071 + 418 x 1075
223 1.07x 107° + 4.39 x 1071° | 6.23 x 107 + 4.88 x 107°

Table 14 lonic conductivities and transference numbers for PFSA-based electrolytes

The ionic conductivities as well as the transference numbers are shown in Table 14. The

ionic conductivities prove to be quite low for all measured samples. The highest ionic
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conductivity is found for solution 2.2.1, being in the magnitude of a solution-casted PEO
electrolyte at room temperature. A possible explanation could be a strong coordination of
the lithium ions to the sulfonic acid groups from the PFSA polymer. In a dry state, like in this
thesis, the chain mobility of the PFSA may also be reduced drastically. This may result in
an overall low ionic conductivity.

The measured transference number is far below the transference number of 0.2 to 0.6 [94]
for PEO. Again, a possible explanation might be a strong coordination of lithium ions to the
sulfonic acid groups as well as a hindered chain mobility. To gain further insight, NMR
experiments on this system are proposed to measure the activation energy for lithium-ion
transport.

The transference numbers calculated for this system generally seem to be problematic. The
calculated errors for the transference numbers are several orders of magnitude higher than
the actual transference number. This can be explained by the measurement system itself.
The main contribution to the error calculation comes from the small variation in the
polarization voltage from the measurement system. The exact error calculation can be
found in the appendix (see Error calculation for transference numbers).

a) b)
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Figure 39 Impedance spectra for PFSA solution 2.2.1 in a) semi-dry and b) wet state

Impedance measurements conducted with insufficiently dried solution-casted samples of
solution 2.2.1 showed a much better performance (see Figure 39). Unfortunately, due to the
soft nature of these electrolytes, no sufficient thickness measurement was possible and
thus the ionic conductivity was not determined reliably. Therefore, PFSA-based electrolytes

may be a candidate for new functionalized gel polymer electrolytes.
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4.3 Analysis of electrospun. PFSA/PEO electrolyte

4.3.1 Fiber morphology

PFSA solution parameters

Solution concentration Solvent Weight percentage Solution
PFSA/PEO Code
10 wt% Deionized water 9/1
15 wt% Deionized water 9/1
5 wt% Deionized water/Ethanol 9/1
10 wt% Deionized water/Ethanol 9/1
15 wt% Deionized water/Ethanol 9/1
5 wt% Ethanol 9/1
10 wt% Ethanol 9/1
5 wt% Deionized water/Ethanol 19/1
10 wt% Deionized water/Ethanol 19/1
15 wt% Deionized water/Ethanol 19/1
5 wt% Ethanol 19/1
10 wt% Ethanol 19/1
15 wt% Ethanol 19/1
5 wt% Deionized water/Ethanol 99/1
10 wt% Deionized water/Ethanol 99/1
15 wt% Deionized water/Ethanol 99/1
5 wt% Ethanol 99/1
10 wt% Ethanol 99/1
15 wt% Ethanol 99/1

Table 15 Solutions forming fibers (green); failed solutions (red)

In the following chapter, electrospinning experiments using PFSA-based solutions are
conducted, following requirement 2 from chapter 4.2.1. Starting from the solutions identified
in chapter 4.2.3.1, different spinning parameter combinations (see Table 11) are tested for
a short amount of spinning time (around three minutes). Immediately afterwards the fiber
samples are subjected to optical microscopy to determine whether fibers have been
electrospun or not. In case of fibers, SEM samples are prepared as described in chapter
4.2.2 1 for further characterization.

These experiments further reduced the number of solutions of interest for this study, since
fibers are not found for some of them. All material combinations, which form fibers are listed
in Table 15.
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Figure 40, Figure 42, Figure 44, Figure 46 and

Figure 48 show SEM pictures of different spinning solutions under various spinning
parameter conditions. All samples have been spun for a time period of 10 min. Longer
spinning experiments have been conducted and are described below. These experiments
aim to confirm successful fiber creation under the respective solution/parameter
combination. All shown SEM pictures were taken at a magnification of 1000. Additional SEM
pictures can be found in the appendix.

Figure 41, Figure 43, Figure 45, Figure 47 and Figure 49 show the histograms of the
measured fiber diameters. The diameters were measured using Fiji software, using the
measurement tool. For each solution/parameter combination, SEM pictures have been
taken on three different sites of the punched SEM sample. All three SEM pictures have

been considered for randomly choosing the fibers to be measured.

Solution 1.2.1

Figure 40 shows that solution 1.2.1 is able to form fibers for electric field strength between
2-3 kV/cm. For emitter-collector distances below 150 mm, droplets can be found on the
substrate. The fibers themselves seem to be quite inhomogeneous for all tested

parameters. Especially for Figure 40 d) a tendency to form aligned, beaded fibers can be

Electrospun polymeric electrolytes and their use in All-Solid state batteries
96



mmo

25 25
a ) Fiber diameter b) [ | Fiber diameter
Mean fiber diameter: 0.67 pm Mean fiber diameter: 0.62 pm
20 Standard deviation:  0.29 um 20 Standard deviation:  0.34 ym
Spinning voltage: 20 kv Spinning voltage: 30 kv
Spinning distance: 100 mm Spinning distance: 100 mm
154 15
€ €
E] ]
Q o
O o
10 10+ .
5 hm 5 Ml
0 O ]m-HH"Hﬂ 0 “ HRRN ’V‘TH_I{H'TW ; ; ;
00 02 04 06 08 10 12 14 16 18 20 22 24 26 28 3,0 00 02 04 06 08 10 12 14 16 18 20 22 24 26 28 3,0
Length [pm] Length [um]
25 25
C) Fiber diameter d ) Fiber diameter
N Mean fiber diameter: 0.48 pm Mean fiber diameter: 0.54 pm
204 Standard deviation:  0.19 ym 20 Standard deviation:  0.27 ym
| Spinning voltage: 30 kv Spinning voltage: 30 kv
Spinning distance: 150 mm - Spinning distance: 200 mm
154 15
€ c (
2 3
o o
O (&}
10 10
| | H H—‘
0 [H ‘ hf ‘H a 0 M ‘[HH

00 02 04 06 08 1.0 12 14 16 1.8 20 2.2 24 26 28 3.0 00 02 04 06 08 1.0 12 14 16 1.8 20 2.2 24 26 28 3,0
Length [um] Length [um]

Figure 41 Histograms of measured fiber diameters for spinning solution 1.2.1

seen. In addition, all fibers seem to be wet at the collector, resulting in a suitable adhesion
to the aluminum. Note that the degree of coverage is quite poor for all tested parameters.
The fibers also seem to have quite small diameters. This impression is supported by the
fiber diameter measurements. Figure 41 shows the histograms corresponding to the
pictures shown in Figure 40. It can be seen, that the fiber diameters do not exceed 1.6 pm.
The majority of the fibers even show diameters far below 1 ym. It seems that the fiber
diameters are in this case governed by the emitter-collector distance. Figure 41 a) and b)
show similar mean diameters and similar fiber morphologies (see Figure 40 a) and b)),
despite a difference of 1 kV/cm in electric field strength. The smallest mean fiber diameter
can be found for 30 kV at a spinning distance of 150 mm. These parameters also produce
the most homogeneous fiber diameters with a mean of 0.48 uym. Fibers with a diameter of
more than 0.8 um usually result from the agglomeration of smaller fibers before laying down
onto the collector. This may be seen from SEM pictures within the appendix.

Overall, the fiber morphology and the fiber diameters for solution 1.2.1 does not show
tremendous variations within the tested parameters. Parameter combinations mentioned in

Table 11 but are not mentioned in this chapter have been tested but did not produce a fiber
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jet and have therefore been deemed a failure combination.

Figure 42 SEM pictures for spinning solution 1.2.2 a) 20 kV, 100 mm, b) 20 kV, 150 mm, c) 30 kV, 100 mm, d)
30 kV, 150 mm, e) 30 kV, 200 mm

Solution 1.2.2

Figure 42 shows the fibers formed by solution 1.2.2 using electric field strengths from 1.33
up to 3 kV/cm. Compared to the fibers depicted in Figure 40, an extensive change in the
fiber morphology is seen. While the fibers for solution 1.2.1 seem to still be wet when
reaching the collector, solution 1.2.2 creates dry fibers. Throughout all tested parameters,
the fibers even seem to form three-dimensional structures or webs. From additional pictures
at different magnifications (see appendix Additional SEM data of PFSA-based electrospun
samples), it can be deducted, that these fibers tend to agglomerate, since the fibers are not
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Figure 43 Histograms for measured fiber diameters for spinning solution 1.2.2

evenly distributed on the collector. A possible explanation could be a residual electrostatic

charge of the fibers on the collector, which would influence follow-up fibers towards areas

with lower electrostatic charges. The fibers themselves show a quite inhomogeneous

morphology. Some fibers show a flat-ribbon like structure, with a very uneven surface. This

can lead to the conclusion, that these fibers are in fact smaller fibers fused together during

the early stages of the electrospinning process. The build-up of agglomerates as depicted

in Figure 42 indicate residual electrostatic charges within the fibers, posing as a possible

explanation for the high distances between single fibers and the loose-packed structure of
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the fiber agglomerates.

Due to the tendency to fuse fibers, the measured fiber diameter distributions (see Figure
43) are expected to be quite broad. Even if the maximum fiber diameters measured are in
the same interval as for solution 1.2.1, between 0.2 and 1.4 um, distributions of the fiber
diameters are much broader (standard deviation close to the values of the mean diameter).

This shows again the tendency for fiber fusion.

Solution 2.2.1

Figure 44 SEM pictures for spinning solution 2.2.1 a) 20 kV, 100 mm, b) 20 kV, 150 mm, c) 30 kV, 100 mm, d)
30 kV, 150 mm, e) 30 kV, 200 mm
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Figure 44 shows SEM pictures of fibers from solution 2.2.1. Note that these pictures are at
a magnification of 3000, compared to the SEM pictures beforehand. These fibers partly
resemble fibers from solution 1.2.1, which is due to the overall polymer concentration (5
wt% for solutions 1.2.1 and 2.2.1), which may be on the lower limit for electrospinning.
Especially solution 2.2.1 tends to the formation of quite big droplet on the collector, as well
as the formation of beaded fibers (e.g., as in Figure 44 b)), both indicators for a too low
polymer concentration. The fiber created with this solution are very inhomogeneous and
stick to the
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Figure 45 Histograms for measured fiber diameters for spinning solution 2.2.1
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aluminum foil on the current collector. In comparison to solution 1.2.1, the fiber beads are
more pronounced here. A possible explanation is, that the proportion of PEO in solution
2.2.1 lower. Since PFSA usually requires a carrier polymer for electrospinning [35], PEO
content is to a paramount importance for the fiber morphology. Decreasing the PEO content,
while fixing the overall polymer concentration, will lead to a reduced concentration of the
fiber-building polymer, thus increase the chance to form beaded fibers and droplets.

The fiber diameters are much smaller compared to fibers formed from solutions 1.2.1 and
1.2.2 (see Figure 45). Within the tested parameters, the fiber diameters vary from a

mean0.16 and 0.24 um. Fibers of diameters greater 1 um have not been found.
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Figure 46 SEM pictures for spinning solution 2.2.2 a) 20 kV, 100 mm, b) 20 kV, 150 mm, c) 30 kV, 100 mm, d)
30 kV, 150 mm, e) 30 kV, 200 mm

Solution 2.2.2

Figure 46 shows SEM pictures of spinning fibers gained from solution 2.2.2. The shown
pictures were taken at a magnification of 2000. These fibers resemble the fibers gained
from solution 1.2.2, but they are much smaller in diameter (Mean fiber diameter for solution
1.2.2: 1.19 to 1.45 um). In addition, fibers created from solution 2.2.2 appear to be more
homogeneous. From additional pictures at various magnifications (see appendix) it can be
seen that these fibers tend to have less and smaller agglomerates of fibers compared to
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Figure 47 Histograms for measured fiber diameters for spinning solution 2.2.2

solution 1.2.2. The spinning result appears to be much more homogeneous over the entire
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SEM sample. It is also notable, that the fibers from solution 2.2.2 tend to less loose-packed

structures as solution 1.2.2. An exception to this is spinning at 30 kV with a distance of 100

mm. With these parameters, loose-packed structures become possible again. This leads to

the conclusions, that 100 mm distance is not sufficient to get rid of the majority of the

electrostatic and that a higher PFSA content in relation to the PEO content is beneficial to

the spinning fiber formation.
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Figure 48 SEM pictures for spinning solution 2.2.3 a) 20 kV, 100 mm, b) 20 kV, 150 mm, c) 30 kV, 100 mm, d)
30 kV, 160 mm, e) 30 kV, 200 mm

Figure 47 shows the fiber diameter histograms for solution 2.2.2. already mentioned above,
the fibers are much smaller, within a range of 0.33 to 0.45 ym, compared to the fibers gained
from solution 1.2.2. This may be due to the greatly reduced ratio of PEO to PFSA in
comparison to 1.2.2. Some thicker fibers can be found, but similar to 1.2.2, these are
assumed to be fused smaller fibers. The fiber homogeneity can also be seen from the
histograms, since the standard deviation of the distributions are small compared with the
mean fiber diameter. An exception is posed by Figure 47 c) mainly due to an increased

tendency to form more and larger fused fibers.
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Solution 2.2.3

Figure 48 depicts the spinning experiment results for spinning solution 2.2.3. Despite
showing a Taylor cone as well as a spinning jet, fibers only are generated for small
electrostatic field strengths (1.33 to 1.5 kV/cm). For field strengths higher, the fibers may be

disintegrated into droplets, leading to electrospraying or something similar.

15 15
a ) Fiber diameter b ) Fiber diameter
Mean fiber diameter: 1.00 ym ] Mean fiber diameter: 0.71 ym
Standard deviation: 0.71 pm Standard deviation: 0.34 ym
Spinning voltage: 20 kV Spinning voltage: 30 kv
104 Spinning distance: 150 mm 104 Spinning distance: 200 mm

Count
|
Count

@
1
o
L
T
1

Iz, il

¥ y T + T T 4] T T T T T "
00 0204 06 08 1012 14 16 18 20 22 24 26 28 3.0 00 02 04 06 08 10 12 14 16 18 20 22 24 26 28 30
Length [pm] Length [um]

o

Figure 49 Histograms for measured fiber diameters for spinning solution 2.2.3

For field strengths around 2 kV/cm some remaining fibers can be found (see Figure 48 d)).
The fibers generated from this solution show a strong tendency to form large agglomerates
as well as fused fibers. At first glance it may seem that many of these fibers are beaded,
but on closer examination it can be seen, that the fibers actually embed or twine around
smaller droplets (also see appendix).

Figure 49 shows the histograms for the fiber generating parameter sets of solution 2.2.3.
As already mentioned only parameters with an electric field strength between 1.33 and 1.5
kV/cm are able to form fibers in a continuous way. Fibers generated at an electric field
strength of 1.33 kV/cm (see Figure 48 b) and Figure 49 a)) show an increased tendency to
form fused fibers, resulting in a much broader diameter distribution and a higher mean fiber
diameter. At higher electric field strengths (1.5 kV/cm) fibers tend to form less fused fibers

and generally shift to smaller fiber diameters.
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4.3.2 Long-term spinning experiments

Long term electrospinning reveals a tremendous problem for the application of these
compositions as electrospun electrolytes. After some time, usually between 5 and 10
minutes, the fibers are not deposited onto the drum collector anymore. Reducing the
rotational speed of the collector or stopping the rotation completely does not change the
situation. The same effect is also seen for using a flat plate collector. A possible explanation
for this phenomenon is an electrostatic repulsion of the already accumulated fibers on the
collector. Measures to improve the grounding of the collector and its suspension showed
no positive effect on the issue. Banitaba et al. have also experienced this effect for PEO
fibers containing high amounts of lithium salts [17]. This leads to the conclusion, that the
compositions described in Table 15 are not suitable for application as electrospun
electrolytes. Additional experiments varying the salt concentration must be conducted. First
proof-of-concept experiments using formulations without any lithium salts have formed very
thick and agglomerating fibers. These fibers showed a tendency to stick to the emitter rather
than lay down on the collector. Long spinning times were not possible, since the fibers grew
to be an electrically low conductive bridge between the emitter and the collector, resulting
in relatively high currents (out of the measuring scale of the set-up). Additionally, these
fibers showed burn marks resulting from these relatively high currents and posed a fire
hazard.

In the frame of this thesis no search or adjustments regarding the isoelectric point of any of
the solutions was conducted. This may be a base for further experiments regarding PFSA-

based spinning solutions.
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4.4 Conclusions

PFSA-based electrolyte candidates have been investigated in regards of processability
using electrospinning, ionic conductivities, and transference numbers. Solution-casted
electrolyte membranes showed ionic conductivities in the range from 4.66 x 10"° to 1.12 x
107 S/cm at room temperature. The transference number calculated for these samples
ranges from 6.23 x 10" to 1.33 x 109, far below values known for PEO at room
temperature. Impedance measurements of samples undergoing an insufficient drying
procedure indicate a much better electrochemical performance. This leads to the
conclusion, that PFSA-based electrolytes may be a candidate for new functionalized gel
polymer electrolytes.

In regard to the electrospinning processability, the tested solutions proved to form fibers for
different spinning parameter sets. The fibers showed different morphologies, e.g., beaded
and agglomerated fibers. Fiber thicknesses varied from 0.2 up to 1.4 ym. Fiber thickness
depends thereby mainly on the weight concentration of the polymers, the voltage, and the
spinning distance. Thinner fibers are formed for more diluted solutions at high voltages and
great spinning distances. Fibers are also only formed for solutions in a water/ethanol mixed
solvent.

An electrochemical investigation of electrospun PFSA-based electrolyte membranes was
not possible since the fibers retained a large amount of charge due to the high lithium salt
concentration during the electrospinning process. This led to fibers being repelled and
unable to form a membrane of sufficient thickness for impedance measurement and full-cell
characterization. Additional work in refining the electrolyte solution candidates in regard to

lithium salt concentration and eventually the use of plasticizers has to be undertaken.
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5. Summary and Conclusions

The use of electrospinning to manufacture improved polymeric electrolytes and their
application in full cells was within the scope of this thesis. Two electrolyte systems have
been investigated: Polyethylene oxide and Polyfluoride sulfonic acid.

Impedance measurements for PEO-based cells show an increase in ionic conductivities
after cycling experiments with small currents. Cell conditioning leads to significant
differences regarding the ionic conductivity as well as the cycle numbers needed to fulfill
the conditioning criteria. It is concluded that the increase in ionic conductivity is dependent
on the cycle numbers run at small currents. This is only observed for cells using an
electrospun electrolyte.

An increasing capacity is found during cycling tests conducted at small cycling currents for
all measured cells, including solution-casted electrolyte cells. No additional peaks besides
the NMC-intercalation peak can be found in dQ/dV-data. The coulombic efficiency is also
close to unity for all these cycling tests, therefore additional electrochemical reactions are
unlikely to be the source of this phenomenon.

XRD data of post-mortem cells show no significant change regarding the crystallinity of the
cathode. A possible explanation for this increase in conductivity may be an expansion of
the electrodes, changing the porosity of the cathode, thereby reducing migration pathway
lengths, rendering more parts of the electrode accessible.

More research is needed to fully understand the effects described in this thesis, especially
direct measurement methods for these phenomena must be implemented.

PFSA-based electrolytes have been tested in regard to ionic conductivities as well as the
ability to for fibers. Intensive work was directed to the development of a suitable formulation.
For dry PFSA-solution-casted electrolytes, the highest reported ionic conductivity was in the
range of 107 S/cm at room temperature, far below the highest ionic conductivity of PEO-
electrolytes used in this study; for non-sufficient dried PFSA-electrolytes much higher ionic
conductivities have been found; these can be used as a potential gel-electrolyte candidate.
The ability to form fibers was also tested. While several proposed formulations were able to
form fibers, all of them were unable to form fiber mats of sufficient thickness. The reason
on this phenomenon was the high lithium salt concentration, used in all PFSA-based
solutions, which led to an electrostatic charge at the collector, causing a counter electric

field repelling additional fibers from the collector surface.
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6. Suggestions for future work on electrospinning

In the following a short outlook on future research aspects based on the methods and results
gained during this thesis will be presented. This also includes pre-tests conducted during

this thesis which were later not part of it since the focus was more on all-solid-state systems.

6.1 Lamination of separators and electrodes using electrospinning

Lamination of separators and electrodes has some interesting advantages for the
production of liquid-electrolyte based lithium ion batteries [125-128], e.g. an improvement
in production due as well as an improvement of the electrochemical performance due to
better electrode-separator interfaces [125, 126]. Unfortunately, many commercially
available separators are not able to be laminated. Therefore, it is intriguing to modify
separator surfaces to enable lamination, e.g., by electrospinning. First pre-tests have been
conducted by the author using PVDF and a commercially available ceramic separator [42].
This topic was later deferred in favor of focusing on all-solid-state batteries using an
electrospun polymer electrolyte. Nevertheless, this path still poses opportunities for
research and improvements:

e The parameters used in lamination are crucial to the performance of the later battery.
For example, if the lamination temperature is too high, damage can be done to the
separator resulting in bad performance or even a complete shut-down of the cell.
This leads to a requirement profile for the used polymer, including the melting
temperature, the electrochemical stability, the solubility and swelling behavior in the
desired electrolyte.

e One crucial question is the number of fibers on the separator. It is easily understood
that a certain number of fibers is needed to ensure lamination. But in regard of
electrochemical performance the question whether as little area as possible should
be covered by fibers or a higher number of fibers for a nearly completely covered

separator surface has to be investigated carefully.
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6.2 Future research aspects regarding ASSBs

In this thesis ASSBs with lithium metal anode and electrospun electrolytes have been in the
focus. Based on the methods and results of this thesis, several ideas for future research will

be presented here.

6.2.1 Electrodes: Cathode

The cathode used in this thesis was described already in 3. Nevertheless, the electrodes
pose a great potential for improvement and research.

The formulation used for this cathode can be further tuned. An example is the combination
of binder polymers in the cathode. The proportion of PEO and PVDF can be further
optimized in regard to the ionic conduction and the adhesion to the current collector. Another
possible idea is the use of special crafted or modified polymers.

Another aspect on the cathode is the structure of the electrode, especially the contact and
the contacting of the ion conducting polymer species with the active material is of interest.
In addition, the impact of porosity on the electrode performance is of interest. In this regard,
processing of the electrodes after or during the casting of the electrode on the current
collector can be investigated, especially to gain knowledge on the relationship between the
processing, structure, and electrochemical performance of the electrodes. In addition, new
approaches in manufacturing electrodes, e.g., dry-coating of electrodes, should be

considered for research and production of cathodes for ASSBs.

6.2.2 Electrodes: Anodes

The anode used in this thesis was simply metallic lithium. For later production of ASSBs
with metallic lithium anodes, further research must be conducted, especially to ease the
handling and safety problems of lithium. Fundamental research and interface engineering
are needed and have been conducted recently [10, 65, 66, 68, 83, 129, 130].

Another very interesting approach are ASSBs are cell designs without an anode [131].
Problems during production connected to the use of lithium metal as an anode are

eliminated in this approach intrinsically.
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6.2.3

Interfaces between electrodes and electrolyte

Interfaces between the electrodes and the electrolytes play a crucial role. The present thesis

focuses on the characterization of electrospun electrolytes in lithium-metal batteries.

Therefore, a cathode has been manufactured and used in the experiments throughout, but

deep insights into the interfaces have not been conducted. Based on the system used in in

this thesis several interfaces must be considered:

Interfaces within the composite cathode: The interfaces in the used cathode are
especially of interest. The cathode formulation was meant to have sufficient
PEOI/LITFSI to sheath the NMC441 particles fully and have as less porosity as
possible. From the electrochemical data gained, e.g., cycling tests, it can be seen
that the cathode was not fully activated over the course of the experiments, leading
to an increase of discharge capacity. Possible explanations can be the actual
porosity of the cathode, the interface between the PEO and the NMC+11 and the
crystallinity of the PEO. The porosity of the cathode can lead to an increase of
diffusion pathways within the electrode and therefore render it less active. Cycling
the cell may lead to a volume change of the NMC41; and thus lead to a small
decrease of the electrode porosity. The behavior of the interface between the
NMC+11 and the PEO must also be considered and investigate, e.g., in regard of “the
wetting” of the NMC411 by the PEO. An insufficient wetting leads to a more
problematic ion diffusion into or from the NMC 114. In addition, the formation of a solid
electrolyte interphase has to be considered and investigated.

Interface between the cathode and the electrolyte: The interface between the
cathode and the electrolyte is quite an interesting field since here the lithium ions
change from discrete conduction paths (fibers) to a continuum (electrode). To avoid
problems with possible dendrite formation due to the discrete conduction of the
fibers, an interlayer has been introduced. The necessity and the characteristics of
this interlayer may be of research interest in future works.

Interface between the anode and the electrolyte: At this interface mainly two aspects
are of interest. First, the formation of a SEI should be investigated for classical
solution casting and electrospinning since the effective area of the electrospun
electrolyte is smaller. Second, the formation of dendrites when cycling at high
current densities. It is known from literature that in liquid electrolyte based systems
non-woven or foam-like structures can deflect and homogenize the growth of
dendrites [132—134]. It cannot be ruled out, that a similar effect can be seen using

electrospun electrolytes.
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6.2.4 Electrolyte

During this thesis a platform for further research on all-solid-state electrolytes was
developed and tested using two different polymer electrolytes. Further research can be

done on many more different electrolytes.

6.2.5 Charging procedure

A crucial challenge due to the incomplete active electrode was to find a suitable charging
procedure. The charging procedure was mainly based on the experiences made with liquid
electrolyte cells. This must not mean it is the best procedure for all-solid-state lithium-ion
batteries. One experience from the electrochemical testing during this thesis was an
increase in the discharge capacity during the C-rate test. In this case a discharge C-rate
test was performed followed by a charge C-rate test. One observation made was a strong
increase in the discharge capacity at 0.2 C after the discharge C-rate. This leads to the idea
that relatively strong currents or combinations of different discharge and charge currents
can speed-up the process of electrode activation. The underlying mechanism is not

understood and requires in depth investigation.

6.2.6 Cell housing

The cells build during this thesis have been successfully demonstrated using T- and Coin-
type cell housing. For production at scales higher than laboratory use, different cell housings
must be tested for this kind of cells.

Enabling the use of pouch cells is a step towards industrial production; On one hand, Pouch
cells are already used for many different applications (e.g., mobile phones, smart devices)
on the other hand, mastering the use of Pouch cells can pave the way towards more
complicated and diverse cell housings, e.g., cylindrical cell types.

First attempts for a proof of concept using electrospun electrolytes in Pouches have been
conducted during this thesis. The cell system used in this thesis has been proven feasible
for the use in Pouch cell, although some optimization must be conducted. This refers
especially to the used current collector, in this case copper expanded metal.

The anode in these cells was metallic lithium, rolled in the expanded metal. This ensures
that the lithium metal does not segregate from the current collector during cycling of the cell.

Unfortunately, expanded metal can form sharp edges when punched in form of an anode,
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which poses a safety issue either by piercing through the Pouch or by short-circuiting the

cell. Therefore, different current collectors must be tested and possibly optimized for the

use in Pouch cells.

There are still some difficulties to be solved for the use of electrospun electrolytes in pouch

cells:

Cell pressure: The pressure on the cell must be chosen carefully. Freitag et al.
stated that too much pressure on the electrolyte can lead to a reduction of
performance [18]. In addition, the use of expanded metal can lead to short circuits
when too much pressure is applied. On the other side a certain pressure is
needed to ensure the functionality of the cells.

The sealing temperature of the cell housing has also to be optimized. First
experiments using electrospun electrolytes in pouch cells showed molten fibers
in the vicinity of the sealing.

Expanded metal can lead to another problem: in first experiments the anode was
chosen to be geometrically smaller than the cathode, in agreement with the cell
design used in coin cells. Unfortunately, this leads to a small portion of the
expanded metal current collector to overlap with the electrospun electrolyte and
the cathode, posing a possible short-circuiting risk within the cell. A lab scale
solution can be the use of electrochemically inert adhesive tape, which, obviously,

is not solution for larger production.
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Appendix

T-cells

Screw nut

Spring

Cathode
contact piece

Swagelok T-Cell
Case

Anode contact
stud

Sealing ring

Figure 50 Exploded schematic of a T-cell used in this thesis

For cyclovoltammetry measurements of cells with either solution casted or electrospun

electrolytes, Swagelok T-cells have been used. These cells are well known for half-cell

measurements used in electrode characterization with liquid electrolytes and pose a good

cell setup for three electrode measurements.

In this thesis, a three-electrode setup is not used, since the application of the reference

electrode to the solid electrolyte is, with a classical T-cell, impracticable. Nevertheless, this

cell design was chosen, since it provided better data quality for cyclovoltammetry compared

to coin cells.

A schematic of the used T-cells can be seen in Figure 50. The cell basically consists of the
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T-cell case, anode and cathode contacting parts and the reference contacting parts. As
already mentioned, the used cells have been modified, in this case a reference electrode
was not used. The bolt, sealing and screw on the reference side was only used to seal the
casing shut. Within the cell case, electric isolation was used to prevent short circuiting. On
the anode side, lithium metal was placed on the isolated part of the anode contact stud. The
lithium was contacted by a small part of the metallic bolt which was surrounded by isolation.
Onto the lithium, a solution casted electrolyte membrane was or, in case of an electrospun
electrolyte, the cathode which was previously coated with the electrolyte was placed and
contacted by the cathode contact piece. To provide a desired mechanical pressure to the

cell, a spring was used between the cathode contacting piece and the bolt.

Area loadings of the used cathodes

The area loadings have been calculated by punching areas of the cathodes which are not
coated with electrolyte by electrospinning. The samples are punched using a 14 mm
ELCELL punch. Additionally, 5 aluminum samples (without any coating) were punched to
enable calculating the cathode coating mass. The area loading is than calculated by
multiplying the cathode coating mass with the specific capacity for the used active material
(NMC114; 155 mAh/g according to the data sheet given by the supplier) and the weight
percentage of the active mass within the coating (0.7513 wt%; see Table 4), divided by the

area of the electrode. The resulting area loadings can be found in Table 16.

Electrode Average area
Area loading Area loading Area loading .
sheet loading (Standard
Sample 1 Sample 2 Sample 3

number deviation)

#18 0.7544 0.7612 0.7605 0.7587 (£ 0.0037)
mAh/cm? mAh/cm? mAh/cm? mAh/cm?

421 0.7272 0.8187 0.8263 0.7907 (+ 0.0552)
mAh/cm? mAh/cm? mAh/cm? mAh/cm?

426 0.7779 0.7680 0.7203 0.7554 (£ 0.0308)
mAh/cm? mAh/cm? mAh/cm? mAh/cm?

Table 16 Area loadings of used cathodes
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Additional Impedance data

a) After formation b) After C-Rate test
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Figure 51 Impedance data with fits for cell series #17
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Figure 52 Impedance data with fits for cell series #24

Solution stability

Figure 53 Solutions 1.1.1, 1.2.1 and 1.3.1 a) directly after stirring and b) after resting for 12 h at room

temperature
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Figure 54 Solutions 1.1.2, 1.2.2 and 1.3.2 a) directly after stirring and b) after resting for 12 h at room temperature

Figure 55 Solutions 1.1.3, 1.2.3 and 1.3.3 a) directly after stirring and b) after resting for 12 h at room temperature

Figure 56 Solutions 2.1.1, 2.2.1 and 2.3.1 a) directly after stirring and b) after resting for 12 h at room temperature
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Figure 57 Solutions 2.1.2, 2.2.2 and 2.3.2 a) directly after stirring and b) after resting for 12 h at room temperature

Figure 58 Solutions 2.1.3, 2.2.3 and 2.3.3 a) directly after stirring and b) after resting for 12 h at room temperature

Figure 59 Solutions 3.1.1, 3.2.1 and 3.3.1 a) directly after stirring and b) after resting for 12 h at room temperature
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Figure 60 Solutions 3.1.2, 3.2.2 and 3.3.2 a) directly after stirring and b) after resting for 12 h at room temperature

Figure 61 Solutions 3.1.3, 3.2.3 and 3.3.3 a) directly after stirring and b) after resting for 12 h at room temperature

Error calculation for transference numbers

Att = o Algse + o AV + o ARy + ot ARggc + - Al
ol ¢ T |oav R, ® " 19Rgse SN FTA B Eq. 8
att  AV(AV — Rylp)
0lssc  Io(AV — Rssclssc)? Eq.9
at* _ Issc(Rolp — Rssclssc)
0AV  Io(AV — Rsselssc)? Eq. 10
Eq. 11

0lo  Io*(Rssclssc — AV)
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0Ry  Rssclssc — AV Eq. 12

ot*  Issc’(AV — Rolp)
ORssc  Io(AV — Rgsclssc)? Eq. 13

Additional SEM data of PFSA-based electrospun samples

Figure 62 Additional SEM data for electrospun samples for solution 1.2.2
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Figure 63 Additional SEM data for electrospun samples for solution 2.2.1
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Figure 64 Additional SEM data for electrospun samples for solution 2.2.2
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Figure 65 Additional SEM data for electrospun samples for solution 2.2.3
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