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Abstract

Sulfide-based solid-state batteries (SSBs) are emerging as a top contender for next-generation recharge-
able batteries with improved safety and outstanding energy densities. SSBs incorporate non-flammable
solid-electrolytes (SEs), eliminating safety hazards for batteries in electric vehicles and electronic devices.
In addition, the development of SSBs with SEs allows the conventional graphite anode to be replaced by
a lithium metal anode, theoretically surpassing the energy densities of lithium-ion batteries (LIBs). How-
ever, SSBs with high nickel cathode materials such as LiNig gMng 1 Cog 1 O2 (NMC), exhibit several cathode
interface-related issues preventing the large-scale adoption of this technology. Specifically, the problems
include challenges such as mechanical and chemical instability, which results in particle cracking, contact
loss, and decomposition of the solid-electrolyte.

To overcome these challenges, this study used polymeric interlayers at the surface of the NMC to
buffer volume changes and passivate chemical side reactions. Herein, the Ni-rich layered oxides poly-
crystalline NMC811 (PC-NMC) and single-crystal NMC Ni82 (SC-NMC) were coated with PDDA-TFSI,
poly(diallyldimethy-lammonium) bis(trifluoro-methanesulfonyl)imide, using a microencapsulation meth-
od. Additionally, this study aimed to maximize the utilization of cathode active material with the use of
the conductive additive carbon nanofibers (CNFs) and the addition of lithium salt (LiTFSI) in the poly-
meric coating. Full lab-scale SSBs consisted of a coated NMC-based cathode, a Li-In alloy anode, and
LigPS5Cl solid-electrolyte.

The conductive carbon additive severely increased SSB degradation, which was associated with the
formation of decomposition elements sulfates/sulfites (SO,), polysulfides (P,Sy), phosphates (PO,), and
lithium phosphate phases (P/Li,P). The polymeric coating on PC-NMC slightly improved cycle stability.
Here, improvements were associated with the significant reduction of contact loss between NMC and
LigPS5Cl particles. The cathode with SC-NMC with a PDDA-(Li)TFSI polymeric coating demonstrated
exceptional performance improvements in SSBs, mitigating chemical and mechanical degradation. It
showcased improved cycle stability with a capacity retention of 95% observed after 100 cycles at 0.2C,
compared to a capacity retention of 84% for SSBs without a cathode interface coating. Furthermore, a
significantly improved initial capacity of 155 mAh g~! at 0.2C was established, compared to an initial
capacity of 144 mAh g~! for uncoated SSBs. Overall, the results highlight the performance-enhancing
effect of a polymeric coating with added lithium salts in LigPS5Cl-based SSBs.
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Introduction

The demand for efficient and sustainable energy storage systems has never been more critical than in
today’s rapidly evolving energy infrastructure. To transition towards a cleaner and greener future, devel-
oping advanced energy storage technologies is a crucial solution to tackle the challenges of renewable
energy integration, electric vehicle propulsion, and portable electronic devices. Solid-state batteries have
emerged as a promising solution, offering significant advancements in safety, energy density, and lifes-
pan compared to lithium-ion batteries’ liquid electrolyte counterparts. However, considerable challenges
remain for full-scale commercialization, cell performance, and lifespan of solid-state batteries. One of
the main challenges this study will cover in detail is optimizing the cathode-electrolyte interface, which
remains a critical challenge in achieving optimal solid-state battery performance and lifetime.

1.1. Solid-State Batteries: Challenges and Possible Solutions

In the last decade, Solid-State Batteries (SSBs) have emerged as a potential future electrochemical energy
storage technology that can surpass the performance characteristics and safety standards of state-of-the-
art Lithium-ion Batteries (LIBs). Currently, LIBs hold an uncontested position as the preferred technol-
ogy for electrochemical energy storage, primarily due to their notable attributes, such as volumetric and
gravimetric energy densities, power densities, exceptional cyclability, and reliability. However, for more
widespread adoption of LIBs, mitigation of fundamental challenges, such as safety hazards from battery
ignition, and fires, is required while meeting demands for even higher energy and power densities and
attaining acceptable performance in various temperature ranges. Here, SSBs come into play:.

Researchers are studying SSB technology with higher energy and power densities and improved safety
standards. Furthermore, the use of solid electrolyte (SE) in SSBs can avert electrode cross-talk, as well
as adverting the unwanted electrochemical reactions leading to lithium dendrite formation at the elec-
trodes, causing long-term deterioration in conventional LIBs, eliminating concerning safety hazards for
electric vehicles and electronic devices. In addition, research has led to the development of SEs with
higher ionic conductivity, which could lead to higher power densities. In the future, SSBs have the poten-
tial for faster charging times, higher power densities, and higher safety standards.

Despite the promising performance improvements and higher device safety, SSBs face challenges that
must be overcome before they can compete with conventional LIBs. The most pressing challenges for
SSBs are the following. The first challenge is developing and preparing solid-state composite cathodes
that demand minimal stack pressure for long-term operational stability. The second major challenge is
designing and fabricating high-capacity anodes suited for stable long-term operation. Another challenge
is the development of SEs with exceptionally high ionic conductivities, which are cost-effective and of-
fer adequate stability. Research should also focus on the challenge of long-term stability across anode-,
cathode-separator, and cathode-electrolyte interfaces. Finally, a critical challenge with the increasing us-
age of rechargeable batteries in our everyday lives is the adoption of sustainable battery recycling, which
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emerged as a crucial challenge. This study will focus on the known cathode-electrolyte interface-related
issues and test the possible solution of polymeric interlayers at the cathode electrolyte interface.

1.2. Polymeric Interlayers at the Cathode-Electrolyte Inferface

Solid-state batteries work on the premise of solid electrolytes with similar or even greater ionic conductiv-
ities than their liquid electrolyte predecessor. However, not all solid electrolytes have an ionic conductivity
superior to that of LE, and the implementation of SE comes with an entire set of complex macro-, micro-,
and nanoscale challenges on the cathode electrode side alone. These challenges arise at the designing
phase of the cathode when selecting active material particle sizes and selecting the ratio of cathode active
material (CAM) to SE. Another challenge arises during the electrochemical cycling of the SSB; due to the
chemo-mechanical processes, the volume and morphology of the cathode change problematically.

The volume and morphology changes of the materials inside the SSB result in many interface-related
issues. This study will focus specifically on the interface-related issues at the cathode side of SSBs. The
problems at the cathode-electrolyte interface are contact loss of CAM to the SE, and cathode electrolyte
interphase (CEI) formation. A promising solution for these issues is the application of polymer interlayers.
The polymer interlayers work as a buffer for volumetric changes, reducing contact losses between the
CAM and the SE. Furthermore, the polymeric interlayers can avoid direct contact between the CAM and
the electrochemically unstable SE, promising to reduce the formation of a highly resistive CEI. In addition,
conductive additives must be considered an essential component in the cathode of solid-state batteries.
Conductive additives, such as carbon black or carbon nanofibers, provide electronic pathways within the
cathode. However, they form a point of deterioration, which also needs to be investigated for optimal
cathode performance.

1.3. Techniques to Study the Cycling Performance and the Cathode Elec-
trolyte Interfaces

Asrecently pointed out by Janek et al. [7], the cathode-electrolyte interface remains a significant challenge
in speeding up the development of solid-state batteries. Over the past years, research has focused on tack-
ling the stability and performance of the solid-state battery by examining the composition of anode ma-
terial, cathode active material, and solid electrolyte. In comparison, limited research has been conducted
to understand the effect of protective coatings in countering the volume and morphology changes of
the cathode in solid-state batteries. Some research has been conducted on the effect of conductive addi-
tives on cycling performance and the long-term stability of conductive additives. Still, additional research
could be done into the interface-related issues between the composite cathode material and the conduc-
tive additive.

The characterization techniques used in this study are Electrochemical Impedance Spectroscopy (EIS),
X-ray Photon Spectroscopy (XPS), X-ray Diffraction (XRD), and Scanning Electron Microscopy (SEM).
These techniques are excellent for analyzing electrochemical side reactions and monitoring deformations
visually. This study uses EIS, XPS, XRD, and SEM data to study the cathode-electrolyte interfaces, assess
the cycling performance, and investigate the chemical stability during electrochemical cycling.

1.4. Scope of Work and Research Questions
This study aims to study the cathode/solid-electrolyte interface in solid-state batteries with the intro-

duction of polymeric interlayers. Additionally, the effect of conductive additives is studied to determine
optimal cathode electrode kinetics. The main research question that is investigated in this work is:

"How do polymeric interlayers affect the cycling performance and the stability of the
cathodelsolid-electrolyte interface in sulfide-based solid-state batteries?"

2
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Sub-research questions have been formulated to help answer the main research question. These research
questions are subdivided into questions related to cathodes with conductive additives, and polymeric
interlayers on different cathode active materials. The division is as follows:

1. What are the effects of carbon nanofibers - as a conducive additive - on the cycling performance and
cathode/solid-electrolyte interface stability, in sulfide-based SSBs?

2. How does the application of a polymerized ionic liquid - as a protective coating - influence the cycling
performance and stability of the cathodel/solid-electrolyte interface in sulfide-based solid-state batteries?

a) on polycrystalline and single-crystal cathode active material structures,
b) with varying coating thicknesses,
¢) with and without lithium salt.

After introducing the subject of this study, the problem situation, the solution proposition, and the main
research questions, this work will continue with the literature review in Chapter 2. This chapter will
provide the background and the working principles of solid-state batteries, elaborating on the (chemo-
Jmechanics and kinetics in SSBs. After this, the function of conductive additives and the concept of poly-
meric interlayers are discussed. The materials used in this study and the methods to prepare the SSB cells
are presented in Chapter 3. Following is Chapter 4, which describes and interprets the results of the vari-
ous experiments carried out on the SSBs with conductive additives and polymeric coatings on polycrys-
talline NMC and single-crystal NMC. Chapter 5 will briefly discuss and compare some of the outcomes
with other studies; limitations of this work are included in this section. The formulated research questions
will be answered in the concluding chapter in Chapter 6. This chapter will also provide recommendations
for future research.






Literature Review

This chapter aims to provide a comprehensive overview of solid-state batteries, the research challenges
involved at the solid electrolyte and cathode interface, the function of conductive carbon additives, and
the role of polymer interlayers in the development of solid-state batteries. The working mechanism and
the various components of solid-state batteries are discussed. In addition, the fundamentals of solid
electrolytes are discussed in further detail. The general theories of (chemo-)mechanics and kinetics at the
solid electrolyte cathode interface are examined and further discussed. Particular attention is devoted to
the optimization of the ratio of cathode active material to solid electrolyte and the optimization of the
particle sizes. Furthermore, the function of conductive additives and the different types of conductive
additives are considered. Finally, the concept of polymeric interlayers is introduced, expanding on the
working mechanism of polymeric binder and protective coatings, while a variety of suitable polymers
and their characteristics are explored.

2.1. Solid-State Batteries: Working Mechanisms and Components

This section will briefly introduce the case for solid-state batteries (SSBs) and their basic working mech-
anism. The components comprising a solid-state battery and the challenges and suitable characteristics
of a variety of materials are discussed. All materials used in SSBs have their own set of advantages and
disadvantages; a strategic selection of the solid electrolyte, cathode active materials, and anode material
is made. Lastly, the half-reactions of a solid-state battery with the selected materials are displayed and
discussed in further detail.

2.1.1. Basic Working Mechanism

LiM-55B

Figure 2.1: Schematic overview of the key differences between liquid and solid electrolyte batteries [1].

A Lithium-ion Battery (LIB) consists of an anode, usually made from a type of graphite, a thin separator, a
cathode, and a liquid electrolyte contained in the pores of the cathode. If the liquid electrolyte (LE) were
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replaced by a solid electrolyte (SE), no significant gains in terms of volumetric- and gravimetric density
would be made, as a solid electrolyte will always have a higher density than a liquid electrolyte. How-
ever, by replacing the conventional graphite electrode with a reversible lithium metal anode, a significant
jump in volumetric and gravimetric energy density could be made of up to 70% and 40%, respectively, as
displayed in figure 2.1 [1].

During discharge, lithium metal is stripped from the anode to become a lithium-ion and an electron.
This lithium-ion then moves to the cathode, and the electron goes around the external circuit to extract
useful electrical work, for example, for our portable devices. When the battery is discharged the volume
of the battery is smaller, during charging lithium-ions are plated back onto the lithium metal, and the
battery expands again. This process is further described in subsection 2.1.7, Half Reactions, and Overall
Cell Reaction. Repeating this cycle of charging and discharging can lead to degradation of the battery
performance caused by chemo-mechanics and kinetics [26], which is further discussed in section 2.2.

2.1.2. Solid Electrolytes

Figure 2.2: Electrochemical stability of various inorganic solid electrolytes. Illustration of solid electrolytes versus common
electrodes’ typical operating potential. Lithium Cobalt Oxide (LCO), Nickel Manganese Cobalt (NMC), Nickel Cobalt Aluminium
(NCA), and Lithium Nickel Manganese Oxide (LNMO) [2].

Research has been conducted on several types of solid electrolytes. This group of materials can be divided
into the inorganic halide-, oxide-, and sulfide-based SEs and the organic group of polymer electrolytes.
Recent discoveries show SE materials with ionic conductivities comparable to or even greater than their
LE counterparts. The most important characteristics of SEs are (oxidative) electrochemical stability, me-
chanical stability, and high ionic conductivity [6] [7].

The inorganic group of SEs, halides, oxides, and sulfides, has its own set of advantages and disadvan-
tages. Figure 2.2 illustrates the oxidative electrochemical stability window of these material classes versus
the typical operating potential of common electrodes [2]. From left to right, this figure displays the halides
(fluorides, chlorides, and bromides), oxides, and sulfides set off against the operating potentials of com-
mon electrodes: Lithium Cobalt Oxide (LCO), Nickel Manganese Cobalt (NMC), Nickel Cobalt Aluminium
(NCA), and Lithium Nickel Manganese Oxide (LNMO).

From this figure, it is evident that halide-based SEs have high oxidative electrochemical stability,
which allows for stable operation together with the Cathode Active Material (CAM) without the risk of
chemical decomposition. Halide-based SEs have moderate ionic conductivity of 1 (mS cm™!) at low op-
erating temperatures, which gives it a poor performance for fast charging and discharging capabilities.
Oxide-based SE is the second class of materials that offer high oxidative electrochemical stability. How-
ever, their maximum ionic conductivity is around 1 mS cm™! as well. Apart from that, the brittle nature
and lack of mechanical rigidity make this material challenging to work with when required to maintain
contact with the CAM after multiple charging and discharging cycles [27].

The group of materials with exceptionally high ionic conductivities are the sulfides (e.g., argyrodite),
with an ionic conductivity of up to 25 mS cm™! at room temperature. Mechanical properties of this sub-
stance, such as great malleability and a low Young’s modules, make this one the most researched SE of
present-day [27]. However, the relatively short window for oxidative electrochemical stability (figure 2.2)
forms its most prominent challenge and gives rise to the need for coatings or protective layers to prevent
direct contact with the CAM and chemical decomposition.
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Polymer-based SEs are very versatile materials, showing advantageous mechanical characteristics,
and can be fabricated from solutions or in molten states [6]. A systematic overview, as given for the inor-
ganic SEs, is challenging to produce due to the multidisciplinary research fields interested in polymeric-
based SEs [3]. However, their oxidative electrochemical stability is yet too low for stable operation, and
limited ionic conductivity at room temperature presents significant challenges for this group of materials.

2.1.3. Working Mechanism of Solid Electrolytes

—
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Figure 2.3: Schematic presentation of predominant Li* ion transport in A) Polymer-based solid electrolyte, and B) Inorganic
ceramic solid electrolyte [3].

The specific mechanisms governing ion conduction vary across different solid electrolytes and are not
universally comprehended. However, commonly reported mechanisms for polymer-based solid elec-
trolytes and inorganic halide-, oxide-, and sulfide-based SEs are depicted in Figure 2.3. In polymer-based
solid electrolytes, the conduction of ions is closely linked to the motion of main chain segments above
and the hopping of Li* ions between inter- and intra-chain positions (Figure 2.3A). In contrast, for inor-
ganic ceramic electrolytes, Li* ions migrate or hop among vacancies and interstitial sites (Figure 2.3B).
These vacancies and interstitial sites are purposefully created in the material to enhance ionic conductiv-
ity; these sites are fixed in place. The advantages of polymer solid electrolytes are the suitable mechanical
characteristics, such as flexibility, and the favorable characteristics for fabrication processes [3]. However,
its ionic conductivity is relatively low at room temperature (~1 mS cm™!) compared to its inorganic ce-
ramic solid electrolyte counterparts. This needs to be taken into consideration when selecting a suitable
solid electrolyte.

2.1.4. Choice of Electrolyte

The application of sulfide electrolytes has gained popularity among researchers for their high ionic con-
ductivity and good machinability. However, their application is still limited due to the small electrochem-
ical stability window [2]. Lithium argyrodite LisPS5X (X = halogen) is seen as a key member in the sulfide
SEs group, as it shows fast ionic conductivity, moderate mechanical properties, and a slightly broader
electrochemical stability window compared to other sulfides [28].

Nevertheless, the interface between the electrodes and the argyrodite is problematic as a result of
the electrochemical instability. The reaction at the interface of LigPS5Cl, and cathode active material
with oxides, such as Lithium Cobalt Oxide (LCO), Nickel Manganese Cobalt (NMC), and Lithium Nickel
Manganese Oxide (LNMO), has been reported in Auvergniott et al. [29]. Upon cycling, the argyrodite
(LigPS5C)) is oxidized into elemental sulfur (S) and polysulfides, P,Sx (X = 5), while discharging these
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Figure 2.4: Representation of the redox reaction pathways of argyrodite (LigPS5Cl) for the first charge and subsequent charge and
discharge cycles [4].

products lead to reduced LizPSs and LiCl, thereafter forming lithium phosphide (Li3P), and lithium sul-
fide (Li»S) [4]. This process is described in figure 2.4. Due to the oxygen-rich nature of the active material
of the cathode, the formation of sulfate/sulfide fragments (SO,) is also possible [12]. The unstable inter-
phase created between the argyrodite and the cathode active material will lead to an increased interface
resistance, capacity deterioration, and potentially total failure of the corresponding SSB.

Despite the electrochemical instability leading to unstable cathode-electrolyte interface, lithium argy-
rodite with a chloride halogen group (LigPS5Cl) is selected as the solid-electrolyte of choice for this study
due to its high ionic conductivity, good processability, and its commercial availability. The argyrodite,
LigPS5Cl, selected is produced by the NEI Corporation; the specifications are listed in Appendix A. It is
essential to improve the interaction between the SE and CAM; one possible solution is the use of poly-
meric interlayers with high ionic conductivity. The CAM can be coated with an organic polymeric pro-
tective coating to avoid direct contact with the argyrodite sulfide SE. Protection strategies of the cathode-
electrolyte interface and the selection of suitable polymeric materials are discussed in further detail in
sections 2.2 and 2.4, respectively.

2.1.5. Choice of Cathode Active Material

Within LIB and SSB research, a lot of time is devoted to cathode materials, as several challenges still ex-
ist regarding material costs, improving battery capacity, and interactions between the CAM and the SE
of choice [6]. One of the first CAMs that were present in commercially viable LIBs was the layered ox-
ide material LiCoO,. The working principle behind layered oxides is the lithium intercalation between
the layers of an oxide in a crystalline structure that enhances ionic conductivity for lithium ions during
electrochemical cycling [30].

The problem with LiCoO; is the scarcity, geographical concentration, and accompanying costs of
Cobalt. One approach to make the cathode material in batteries cheaper is to replace the relatively
expensive Cobalt with other transition metals (TMs), such as nickel and manganese [31]. Using the
materials nickel and manganese in cathode material gave rise to the isostructural materials, such as
LiNiyMn,Co_0O;. In scientific literature, this isostructural material is referred to as NMCXYZ, with X, Y,
and Z indicating the molar ratios of Ni, Mn, and Co, respectively [32]. A large variety of Ni, Mn, and Co
contents have been used in commercially available batteries; some examples are NMC532, NMC622, and
NMC811. Despite these advancements, cathode materials with even higher Ni contents are wanted as
they can provide higher volumetric and gravimetric energy densities. However, Ni-based cathodes tend
to be chemically unstable; adding Mn mitigates this instability and is, therefore, part of the highly suc-
cessful NMC cathode material group [30]. For those reasons, the material NMC811, LiNig gMng ; Cog 1 O2,
is gaining tremendous popularity in present-day cathode design research.

Two types of crystalline structures for NMC particles are commercially available: polycrystalline NMC
and single-crystal NMC. Polycrystalline NMC is a more commonly used and cost-effective material. How-
ever, increased states of charge cause the polycrystalline cathode particles to crack, exposing fresh sur-
faces and increasing capacity degradation [33]. Single-crystal NMC batteries provide higher energy and
power density with faster lithium-ion diffusion, and single-crystal layered-oxide cathodes have superior
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cycle life due to reduced particle cracking [33]. Therefore, single crystal NMC can offer slightly better
performance output but is limited available due to the more expensive synthesis of the crystals.

In this study, polycrystalline NMC811, NANOMYTE®BE-56E, produced by NEI Corporation, as well
as single-crystal NMC, PRO Single Crystal High Nickel NMC Ni82, produced by MSE Supplies LLC, is used
as cathode active materials; the specifications are listed in appendix A.

2.1.6. Choice of Anode Material

The small electrochemical stability window of the selected argyrodite SE leads to limited options for elec-
trode selection. Several studies show that the interaction between thiophosphate or argyrodite as SE and
lithium metal can lead to the formation of oxidized elements [34]. This is the reason many researchers
frequently favor a lithium alloy instead of lithium metal as a choice for the anode material. Lithium in-
serted into metals (i.e., alloy formation) typically occurs at potentials below approximately 1V vs. Li* /Li,
which is still outside the stability window of argyrodite electrolyte. However, the electrochemical oxida-
tion process is significantly lowered compared to that of lithium metal [5]. Metals that are considered for
these alloys are Aluminum (Al), Gallium (Ga), Indium (In), Tin (Sn), and Antimony (Sb).

Among these varieties, the indium-lithium alloy is preferred due to its favorable capacity to accom-
modate local stress concentrations, also known as ductility. The relatively high costs of indium prevent it
from any large-scale applications, yet due to its high ductility, it is the preferred material for assembling
SSBs for research purposes. The indium-lithium alloy can produce a constant redox potential of approxi-
mately 0.6 Vvs. Li* /Li. Besides, inserting a reference electrode into SSBs is difficult, which underlines the
need for a counter electrode with a stable potential. Hence the Indium-Lithium [5].
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Figure 2.5: Results from a coulometric titration experiment at room temperature. The graph shows the electrochemically
determined open circuit voltage (OCV) over the lithiation of In until the phase LnyLi3 [5].

However, the redox potential of the In-Li is dependent on the lithium insertion percentage as shown
by Santhosha et al. [5] by coulometric titration at room temperature (Figure 2.5). Research showed the
importance of the right In/Li ratio of the electrode; the right ratio will enable stable lithiation and delithi-
ation. In addition, too much lithiation leads to a build-up of interface resistance and a drop in redox
potential. Therefore, in this study, an Li/In atom ratio of 1/2 will be applied to create a Lithium Indium
alloy of Lip 5In, which ensures stable operation during electrochemical cycling.

2.1.7. Half Reactions

SSBs produce electrical energy through the conversion of chemical energy stored in the electrodes through
redox reactions. The following half-reactions illustrate the electrochemical reactions occurring within a
complete SSB cell. In these redox reactions, Lig 5In is considered as the anode, and LiNip gMng ; Cog 102 as
the cathode. During discharge, the cathode undergoes a reduction process in which NMC811 combines
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with lithium ions and an electron to form lithium nickel manganese cobalt oxide. Note that NMC811
is never fully delithiated during charging, as this is kinetically challenging and can harm the structural
integrity of the CAM [35]. The corresponding half-reaction is as follows:

discharge _ |
harge [Nl gMng ;€00 102

Lix+ + Lil—XNiO.SMn().lCOO.lOZ + ex

At the lithium indium anode, lithium is oxidized to Li* ions during discharge. In theory, the electrode
under full utilization will be lithiated to Lip5In. However, it should be pointed out that, in practice, the
alloy might never reach its full utilization capacity. The corresponding half-reaction is the following:

discharge

. o+ p—
2LipsIn hage 2In+Li" +e

The fundamental process of a SSB predominantly revolves around the processes of intercalation and
deintercalation of lithium ions. These processes take place between the cathode and anode, with a solid
electrolyte acting as a separator. Intercalation specifically involves the introduction of lithium ions into
the host matrix, all while leaving the crystal structure of the matrix intact [36].

During discharging, oxidation occurs at the anode, the lithium ions deintercalate from the anode and
naturally move to the cathode, and electrons flow through the external circuit of the cell [37]. Oxidation
occurs at the cathode during charging, lithium ions deintercalate from the cathode and intercalate at the
lithium indium anode to store electrochemical energy.

Major performance issues with SSBs are related to the cycling of the cell and can cause capacity dete-
rioration, as well as a decrease in its fast charging capacities. The complicated electrochemical processes
lead during battery cycling as lithium extraction and incorporation lead to volume changes, and thus
local stresses [38]. The effects of electrochemical cycling of SSBs and the kinetics of ionic en electronic
percolation are discussed in section 2.2, General Theory of (Chemo-)Mechanics and Kinetics in Batteries.
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2.2. General Theory of (Chemo-)Mechanics and Kinetics in Batteries

This section will introduce the principles of chemo-mechanics and kinetics within the field of SSB re-
search. The main challenges correlated with the chemo-mechanics and kinetics within SSBs are dis-
cussed, and possible solutions in the form of protective strategies to these challenges are explained in
further detail. Furthermore, a literature review on the optimization of the particle size of the CAM and the
SE is conducted, and a suitable particle size for both the CAM and the SE is decided upon. In addition,
the gravimetric ratio between the CAM and the SE is determined. Finally, the challenges and possibilities
of conductive additives are discussed.

2.2.1. Chemo-Mechanics and Kinetics during Electrochemical Cycling

To understand the significance of chemo-mechanics and kinetics in the CAM during electrochemical cy-
cling, it is important to grasp the processes occurring inside SSB cathodes. These processes are catego-
rized in macro-, micro-, and nanostructure scales, reported by Minnmann et al. [6], displayed in figure
2.6. The cathodes in SSBs consist of CAM and SE. In addition, polymeric interlayers and conductive ad-
ditives can be added to enhance mechanical and electrical properties, this is further discussed in section
2.2.2, protective strategies. Replacing the conventional LE with SE results in processes on the cathode
level, particle level, and interface level.

Figure 2.6: Schematic overview of the important processes occurring on different scales in SSB cathodes, caused by various
challenges to the development of scalable fabrication processes and tailored material properties [6].

Firstly, at the cathode level, some important characteristics are material distribution, particle size dis-
tribution, and percolation pathways. Given that multiple solids are at play, it is during the design and
fabrication phase to consider the particle distribution and particle sizes of both the CAM and the SE, as
this will influence the percolation pathways of ions. Recent work has shown that the loading of active
material, or the ratio between CAM and SE, significantly influences the tortuosity of the cathode, which
in turn alters the ionic conductivity of the cathode [9]. The theory and effects of tortuosity and the opti-
mization of the ratio and the particle sizes of the CAM and the SE are further explained in the section 2.2.3
and 2.2.4, respectively.
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Figure 2.7: Schematic illustration of effects that come into play if changing the liquid electrolyte to solid electrolyte. a) Cracking of
CAMs induced by (chemo-)mechanical stress. b) Large volume changes resulting in contact loss between CAM and SE. ¢) CAM-SE
interface difference for liquid- and solid electrolytes [6].

Secondly, at the particle level, chemo-mechanics, void formation, and pressure evolution are char-
acteristics that need to be taken into consideration for the design of the cathode. Chemo-mechanics is
a term describing the effect of electrochemically induced volume or morphology changes in materials.
During lithiation and delithiation of CAM in SSBs, the chemo-mechanical processes can lead to several
forms of capacity deterioration as shown in the study by Minnmann et al.[6]. Figure 2.7 illustrates the
most common chemo-mechanical effects related to the volume and morphology changes of the CAM.
As reported by Koerver et al.[38], the replacement of LE with SE leads to the detrimental effects of these
volumetric and morphology changes that negatively affect the capacity of the battery.

Interparticle cracking, in combination with the use of SE, as shown in Figure 2.7a, creates voids at
the interface of the CAM and the SE, increasing ionic resistance across the interface. The issue of pore
formation is non-existent in conventional LIB, as the LE will wet the free surface after cracking of CAM
particles. A second issue is void formation due to volumetric changes of the CAM, as shown in figure 2.7b.
This is another form of the occurring chemo-mechanics, resulting in a loss of surface contact between the
SE and the CAM [38]. Figure 2.7c summarizes the differences for cathode fabrication with both LE and SE.
In the case of cathode fabrication for LIB, the LE will penetrate all voids completely wetting the surface of
the CAM particles. In the case of SSBs, direct issues arise at the cathode electrolyte interface, where the
SE creates point contacts with the CAM instead of complete surface wetting, poor ionic conducting grain
boundaries exist within the SE and voids are present in a porous material like SEs.

Finally, at the interface level, oxidative SE decomposition and the formation of a Cathode Electrolyte
Interphase (CEI) need to be avoided. One solution is to select an electrochemically stable SE, such as the
halide- or oxide-based SE [26]. However, since the SE of choice for this study is a lithium argyrodite, with a
relatively small electrochemical stability window, protective measures have to be considered. The forma-
tion of CEI upon charging leads to irreversible capacity loss [39]. Protective strategies for all mentioned
CAM and SE interface-related issues are elaborated on in section 2.2.2, protective strategies.

2.2.2. Protective Strategies

The electrochemical instability at the interfaces of the lithium argyrodite, the cathode active material, and
the anode, remains one of the major issues in SSB development [7]. The main focus of this section is on the
cathode-solid electrolyte interface, and the issues arising from unstable mechanical and electrochemical
properties of the selected materials as discussed. In addition, potential solutions to the interface-related
issues are proposed. Interface issues related to the anode interface, as well as the separator-cathode in-
terface are also briefly introduced.
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Figure 2.8: Potential solutions to interface-related issues in SSBs. From left to right: Anode interface, Separator-cathode interface,
and Cathode interface-related issues and potential protective strategies [7].

Figure 2.8, from the work of Janek et al. [7], summarizes the interface-related issues and potential
solutions for SSBs. At the anode interface, research is mainly focused on issues revolving around volume
changes [38], formation of a solid-electrolyte interphase (SEI) [40], pore formation [41], and Li dendrite
formation [42]. Possible solutions span the appropriate selection of anode and SE material, protective
coatings, high stack pressure, adhesive interlayers, and optimized properties of the SE (e.g. SE particle
size). At the interface of the separator and the cathode, charge transfer resistance, and SEI formation,
are the governing issues. Optimized properties of the SE are among the possible solutions again. Other
possible solutions are an optimized interface microstructure design and the introduction of a stabilizing
surface film. This analogy emphasizes the importance of the optimization, design, and selection of the SE
for stable operation at the anode, and separator-cathode interface.

The cathode is the decisive component in SSBs for battery capacity and energy density, as shown by
the analysis of Kerman et al. [43] and Pasta et al. [44]. As discussed in section 2.2.1, the CAM is subject
to chemo-mechanical volume changes, which leads to cracking and pore formation resulting in the first
cathode interface-related issue, the contact loss between CAM and SE [38]. The second cathode interface
issue is cathode electrolyte interphase (CEI) formation [26]. A final interface-related issue is tortuosity
increase caused by, the porosity of the material, and grain boundaries within the SE. One solution that is
already widely applied in SSB research is applying high external stack pressure, however, this is considered
impractical and does not resolve the issue in its totality [16]. A suggested, and researched, solution is the
use of polymer interlayers that can buffer volume changes combined with the characteristics of good
ionic conductivity, electrochemical stability, and the suitable mechanical property of being elastomeric.
Elastomeric refers to the ability of the polymeric binder, or interlayer, to regain its original shape after
being subject to volume changes inflicted by swelling of the CAM. As suggested by Gregory et al. [16],
multiple polymers should be investigated with different cell components for future SSB development. The
working mechanism of polymeric interlayers, the different kinds available, and the selection of polymers
for this study are further discussed in section 2.4, Polymer Interlayers as Protective Coating on Cathode
Active Material.
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2.2.3. Tortuosity and the Optimization of the Ratio of Cathode Active Material to Solid
Electrolyte

Figure 2.9: Tortuosity effects in solid-state cathode composites. a) Measured partial lithium-ion conductivity and evaluated
tortuosity factor as a function of the weight percentage of SE. Values of the conductivity and tortuosity factors are taken from Ohno
etal. [8] Minnmann et al. [9], respectively. b) Schematic explanation of the tortuosity in SSB cathodes, as opposed to that in LIB
cathodes [7].

The selected SE, argyrodite, has a good reputation for its high ionic conductivity. However, this is neces-
sary to compensate for the effect of tortuosity created by the use of a SE in the cathode of SSBs. Tortuosity
is a critical parameter used to predict the transport properties of porous media.[45] A widely used term
in earth-science-related literature is nonetheless just as relevant for the design and development of high-
performance cathode electrodes. Tortuosity is a parameter related to the straightness of the path ions can
travel in a composite cathode. Illustrated in figure 2.9b. low tortuosity is displayed in the cathode elec-
trode fully immersed in LE, compared to a high tortuosity displayed in the cathode of an SSB. As a higher
tortuosity relates to a longer pathway for ions, the effective ionic conductivity is reduced and needs to be
compensated for to be comparable to the ionic conductivity of LIB with a LE [7].

A second parameter that needs to be considered is the ratio of SE to CAM. As shown in figure 2.9a,
a higher volume percentage of SE leads to higher ionic conductivities; conversely, a lower volume per-
centage of SE leads to higher tortuosity and a lower ionic conductivity. Values of the conductivity and
tortuosity factors are taken from Ohno et al. [8] and Minnmann et al. [9]. This is captured in the following
equation:

€
Oeff = x *Obulk

where .5 is the effective ionic conductivity, € the volume fraction of SE, x the tortuosity factor and o p,x
the ionic bulk conductivity.[7]

Atrade-off between a higher cell capacity and higher ionic conductivity has to be made, where a higher
weight percentage of CAM will lead to a higher cell capacity and a higher weight percentage of SE will lead
to a higher ionic conductivity. The study by Shi et al. [10] shows that the CAM is still fully utilized at a cath-
ode loading of 70wt%. Cathode loading above 75wt% displays a drastically decreasing cathode utilization,
which can be seen in figure 2.10a (note: this for a relative particle size of 1.67). In figure 2.10, 8¢ aps is the
CAM utilization, fcaps is the CAM loading in weight percentage (wt%), and A is the relative particle size
DDC%. This is confirmed by the work of Nam et al. [46] and Zhang et al. [47], which revealed a significant
decrease in cycling performance and cell capacity at a CAM loading of 80wt%. A preliminary decision
of a gravimetric ratio of approximately 70wt% to 30wt% of CAM versus SE is made, this is subject to the
influence of the size-, and distribution of the particles, as well as the volume percentage of conductive
additives.
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Figure 2.10: Modeling results of the study by Shi et al. [10] of the effect of a) CAM loading and b) relative particle size on CAM
utilization.

2.2.4. Optimization of the Particle Sizes of Cathode Active Material to Solid Electrolyte

Despite the influence of the CAM wt% on the capacity of a battery, the work of Shi et al. [10] demonstrates
that the utilization of CAM in SSBs is also highly dependent on the particle sizes of the CAM and the SE.
The performance factors to be considered for the design of the particle sizes of the CAM and the SE are;
interfacial degradation, electronic conductivity, ionic conductivity, diffusion pathways, and grain bound-
ary effects [48]. Multiple options can be selected for the CAM and the SE particle sizes. In a more general
sense, the CAM can either be large or small and the SE particles can either be large or small. This results
in four possible sets of particle sizes, namely: large CAM and large SE, large CAM and small SE, small CAM
and large SE, and small CAM and small SE, each with its own set of advantages and disadvantages. Minn-
mann et al. [6] concluded that a tailor-made particle size distribution needs to be considered to optimize
the listed performance factors. This is summarized in figure 2.11.

Large CAM Small CAM
i o

Large SE . :

Small SE

\

+ diffusion pathways
+ electronic percolation
- ionic percolation

+ interfacial degradation
- CAM distribution
- diffusion pathways

+ ionic percolation : + diffusion pathways
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Figure 2.11: The factors to be considered for the design of the particle sizes of the CAM and the SE are interfacial degradation,
electronic conductivity, ionic conductivity, diffusion pathways, and grain boundary effects [6].

Large CAM particles combined with large SE particles have the advantage of decreased interfacial
degradation, conversely, this results in poor electronic and ionic diffusion pathways. Decreasing the SE
particle sizes will lead to an increase in ionic conductivity, but also to a decrease in electronic percolation
and grain boundary issues within the SE. Small CAM particles combined with large SE will increase the
diffusion pathways within the CAM, as well as increase the electronic conductivity. However, the large
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SE particles still hold the characteristic of poor ionic conductivity when compared to a smaller SE parti-
cle size. Having both a small CAM and a small SE particle size results in enhanced diffusion pathways,
and electronic- and ionic percolation [48]. However, the interfacial degradation with smaller particles is
significantly increased as a result of the increased surface area of the particles and thus a greater opportu-
nity for surface degradation to occur. For those reasons, Minnmann et al. [6] makes the case for a tailored
particle size distribution, which will result in optimal performance in all mentioned factors.

The work of Shi et al. [10] studied the optimization of the relative particle size (1) on CAM utilization,
and observed that a relative particle size of 1.67 would be required to achieve full cathode utilization at a
CAM weight percentage of 70wt%. Similar CAM utilization values were obtained using CAM of 5um and
12pum. Therefore, it is validated that CAM utilization is indeed related to the change in A. As stated in
section 2.1.5 Choice of Cathode Active Material, the particle size of the commercially available NMC811
is 10-13um, the optimized SE particle size would therefore be approximately 6-7um.

16



2.3. Conductive Carbon Additives 2. Literature Review

2.3. Conductive Carbon Additives

The cathode of SSBs is composed of cathode active material and solid-electrolyte, optionally a polymeric
binder or interlayer and carbon conductive additives can be introduced to the electrode. Conductive
carbon additives play an important role in boosting the cycling performance of SSBs. Important to note
is that the conductive carbon additives do not participate in the electrochemical process of the SSB cell.
Still, they can decrease internal resistance and therefore improve power density and specific power of the
cell [49]. However, major issues were reported by Zhang et al. [50], showing long-term capacity fading
of thiophosphate-based SSBs when using conductive carbons. In this subsection, the reasoning for and
against the use of conductive carbon additives is discussed. Furthermore, the types of conductive carbon
additives and the choice of preference are elaborated on. Finally, the gravimetric weight percentage of
conductive additives for optimal performance is determined.

2.3.1. Working Mechanism of Conductive Carbon Additives

Figure 2.12: a) Schematic representation of a composite cathode consisting of CAM, SE, Carbon-Binder Domain (CBD), and voids
b) cross-sectional view of the cathode microstructure. Microstructural composition of key elements, such as c) active contact area,
d) ionic percolation, and e) electronic percolation pathways [11].

Conductive (carbon) additives can enhance the electron percolation pathways of the electrode [49], how-
ever, at the interface with the argyrodite (SE) the conductive additives can potentially lead to degradation
with the creation of secondary phases [51]. A schematic representation of a composite cathode for SSBs is
displayed in figure 2.12, where the microstructure of the cathode is split up into grey particles represent-
ing the CAM, green particles representing the SE, pink particles representing the carbon-binder domain
(CBD), and the voids are displayed in white [11]. The CBD is a mixed phase formed by carbon and binder
material, enhancing mechanical stability and electronic connections [52]. Figure 2.12c, gives a represen-
tation of the particle-particle contact of CAM and SE, unlike cathodes with LE the cathode in SSBs is not
fully wetted. Figure 2.12d, displays the ionic percolation pathways within the SE. Figure 2.12e represents
the electron percolation pathways, which can enhance the effective electronic conductivity of the elec-
trode.

Despite the improved electronic conductivity offered by the conductive carbon additives, the forma-
tion of secondary phases upon electrochemical cycling forms major issues. The secondary phases can
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impede the ion and electron pathways, increasing the tortuosity of the electrode. Additionally, such inter-
phases can obstruct the solid-solid contact of the CAM and the SE, leading to increased resistance [53]. It
can be concluded that the effect of conductive carbon additives may have a positive or a negative effect.
Therefore, cells with and without electronically conductive additives will be constructed and tested in this
study.

2.3.2. Types of Conductive Carbon Additives

The effect of commercial carbon additives within a SSB has been previously described in a study by Zhang
et al. [50], some notable results and differences in the variations of conductive carbon additives will be
discussed briefly to argue the selection of conductive additive for this study. As mentioned in section 2.1.4
Choice of Electrolyte, the decomposition of SE is a major issue [29]. All the while, changing the composi-
tion of argyrodite and making it more electrochemically stable, is difficult. Therefore, it is vital to control
the kinetics within SSBs by selecting the appropriate morphology and weight percentage of conductive
carbon additives [4].

Figure 2.13: Scanning Electron Microscope (SEM) images displaying the morphology and size differences of a) carbon black (CB)
and b) vapor-grown carbon fiber (VGCF) c) charge profile of Liln | Argyrodite | NMC811 cells using 30 wt% CB vs VGCF d)
Electrochemical cycling voltage profiles of Liln | Argyrodite | NMC811 cells using 1 wt% of CB vs VGCF [4].

A large variation of commercially available carbon additives exist, such as Ketjenblack, Denkablack,
C65, and vapor-growth carbon fiber (VGCF . Their specific surface area is 1454 m?/g, 68 m?/g, 62 m?/g,
and 24 m?/g, respectively [54]. A distinct difference in morphology and particle size of the conductive
carbon additives can be made, as displayed in figure 2.13 [4]. Carbon Black (CB) has a higher specific sur-
face area, due to its nanosized particles (fig. 2.13a), whereas vapor-growth carbon fiber has a significantly
lower specific surface area (fig. 2.13b). Such differences promote decomposition kinetic . Research by Tan
et al. [4] showed that the use of low specific surface area conductive additives reduces the decomposition
of the SE, as the results shown in figure 2.13c. Here, the effect of using 30 wt% of the different conductive
additives showed increased decomposition kinetics and a higher total capacity decay for CB vs VGC . An-
other effect of using low specific surface area conductive additives can be seen in figure 2.13. Displayed
is the first charge and discharge cycle of a Lip 5In | LigPS5Cl | NMC811 cell using 1 wt% of each conductive
carbon additive. The SSB cell with VGCF showed a higher coulombic efficiency, the charge efficiency of
electron percolation, and a reduced electrolyte decomposition profile.
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Figure 2.14: Schematic overview showing the degradation effects within the cathode electrode based on NMC, thiophosphate SE
(Argyrodite), and VGCF due to electrochemical cycling of the SSB. Image includes decomposition reactions at the interface of the
SE to the current collector, the CAM, and the conductive additive. Image adapted from Walther et al. [12].

The conductive carbon additive, carbon nanofibers (CNF) from Signma-Aldrich, is selected for this
study, due to its low specific surface area reducing the effect of SE decomposition, while maintaining a
high level of coulombic efficiency. The specifications for the CNF are listed in Appendix A. Higher initial
capacity is expected with the use of CNF as a conductive additive, however, cycling degradation is ex-
pected to increase making the usage of CNF detrimental to the life cycle performance of SSBs. Displayed
in figure 2.14, cycling the battery will not only result in degradation at the interface of the SE to the cur-
rent collector and the CAM, but also to the CNF [12]. For this study, SSBs with and without conductive
carbon additives will be constructed and tested. In addition, the decomposition reaction at the inter-
face of the LigPS5Cl to the CNF will be analyzed using electrochemical impedance spectroscopy (EIS) and
X-ray Photoelectron Spectroscopy (XPS).

2.3.3. Gravimetric percentage of Conductive Carbon Additives

Besides selecting the most suitable type of conductive carbon additive, it is crucial to decide upon the cor-
rect weight percent to ensure improved cycling performance and limit degradation over time. Research
has shown that a balance between ionic and electronic conductivity is vital for battery performance. Han
et al. [55] discovered that using conductive additives with a 25wt% and thiophosphate solid-electrolyte,
the SE severely decomposed upon electrochemical cycling of the cells. Another study on the effects of
conductive additives by Zhang et al. [50], showed that even as little as 1.9wt% of C65 conductive additive
increases the overall cell resistance over time and only keeps increasing with higher mass fractions.

The results in the study of Zhang et al. [50] were obtained using the conductive additive C65, which
has a specific surface area of 62 m?/g. The CNF selected for this study has a specific surface area of 24
m?/g, ensuring a better coulombic efficiency and slower capacity decay compared to the C65 [4]. The
work of Strauss et al. [56] displayed an improved cell capacity by adding 1wt% of C65 to pelletized SSB cell
of a coated-NMC622 cathode, a Li; TisO;2 anode and an argyrodite LigPS5Cl solid-electrolyte/seperator.
With the electronically conductive additive with a lower specific surface area, it is expected that a slightly
higher mass fraction can be added to the composite cathode mixture. In this study, 3wt% of CNF will
be added to the cathode composite mixture, and the effect on the initial capacity, capacity decay, cell
impendence, and the interfaces throughout the composite cathode will be analyzed for pelletized Lip 5In
| LigPS5Cl | NMC811 SSB cells.

* %k %
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2.4. Polymeric Interlayers as Protective Coating on Cathode Active Ma-
terial

This chapter introduces the concept of polymeric interlayers in solid-state batteries, explaining their
working mechanism, and elaborating on the different types of polymeric binders or coatings that could
be used to improve the interface between the CAM, the LigPS5Cl, and the carbon nanofibers. SSBs expe-
rience capacity deterioration caused by cracking of the CAM and contact loss between the CAM and the
SE [6]. Another reason for rapid capacity fading is the formation of oxidized secondary elements [4]. The
application of a thin polymer coating on the NMC811 particles can help stabilize the cathode-electrolyte
interface, improving cycling performance by suppressing the formation of oxygenated species, reducing
particle cracking, and limiting contact loss [20]. Firstly, the working mechanism and the definition of a
polymeric binder and a polymeric coating are explained. Secondly, this chapter will elaborate on a mul-
titude of polymers as candidates for this study. Then, this chapter introduces application strategies for
polymeric protective coating. Finally, a selection of the most suitable polymers to form a protective coat-
ing is made for this study.

2.4.1. Working Mechanism of Polymeric Binders and Protective Coatings

The ionic transport mechanism of polymer electrolytes was briefly introduced in section 2.1.3. The most
important thing to note is that the transport mechanism of polymer electrolytes is quite different from
that of inorganic solid electrolytes. As shown in figure 2.3, the ion percolation is a result of chain seg-
ment motions and rearrangements of the polymer chain. For inorganic solid electrolytes, the cations are
transported through the crystal defects in the crystalline structure of SE.

Contrary to inorganic solid electrolytes, polymers do not conduct ions by default. Ionic conduction
can be induced in polymers by introducing ion conducting groups, such as ionic liquids or lithium salts
[57]. The polymers function as a structural backbone with favorable mechanical and electrochemical
stability, to which ionic liquids can bond. These properties are the reason for its application in SSBs.

Protected Cathode/Electrolyte Interface
in Solid-State Batteries

Cathode

Figure 2.15: Schematic representation of a cathode surface coating as a solution to high interfacial resistance between cathode and
solid-state electrolyte [13].

To mitigate the interfacial issues between the CAM, argyrodite, and carbon nanofibers, the NMC parti-
cles or the SE could be coated with a polymeric buffer layer [13]. In practice, the buffer layer, or polymeric
coating, is usually applied to the cathode as it would significantly decrease the ionic conduction if applied
to the S . This polymeric protective coating on the CAM can slow down the decomposition reaction and
reduce interfacial resistance between CAM and SE [51]. Some coatings might negatively influence ionic
and electronic conduction. Therefore, this study only considers polymers with at least moderate ionic
conductivity and for some even electronic conductivity. Most polymers are resistant and do not conduct
electrons, for these polymers the addition of conductive additives (carbon nanofibers) is necessary [7].

2.4.2. PEDOT:PSS as a Mixed Ionic Electronic Conducting Protective Coating
Most polymers are intrinsic insulators, limiting the electronic conductivity within the cathode composite
[15]. The addition of conductive additives can mitigate this problem. However, adding more non-active

material to the cathode composite decreases the overall cell capacity. In addition, conductive additives in
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combination with sulfide-based LigPS5Cl face enormous challenges, as the enhanced electronic percola-
tion increases the oxidation of sulfide-based SE during cycling [58]. A mixed ionic electronic conductor
(MIEC) can be used to improve the electronic conductivity, the ionic percolation, as well as the (electro-
Jmechanical stability of the cathode.
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Figure 2.16: Capacity retention vs cycle number of multiple coating strategies in sulfide-based SSBs: a) PEDOT on NMC811 and
CNFs, b) LiINbO, on MNC811 and PEDOT on CNTs, ¢) bare NMC811 and PEDOT on CNTs, d) PEDOT on NMC811 and bare CNTs,
and e) PEDOT coating on NMC811 without CNTs [14].

Poly(3,4-ethylenedioxythiophene) (PEDOT) is an MIEC that displays moderate electronic conduction
and outstanding mechanical properties. Consequently, PEDOT has found widespread application in vari-
ous storage devices. For example, PEDOT was shown to be performance enhancing in lithium-ion batter-
ies as a cathode binder [59], and in silicone batteries as an anode binder [60]. PEDOT has also been used
as a protective coating for Ni-rich polycrystalline LiNig g5Cog.; Mng g5 LIB cathodes, showcasing a capacity
retention of 91% compared to 54% capacity retention of the uncoated cathode at 1C over 100 cycles [61].
Besides the various applications in LIBs, PEDOT has also been used in sulfide-based SSBs in a study by
Deng et al. [14]. In this study, PEDOT was used as a protective coating on NMC811 particles and carbon
nanotubes (CNTs) in Li;GeP»S;> (LGPS) based SSBs, realizing significant improvements to the cycling
performance of the cell with PEDOT coatings, as shown in figure 2.16.
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Figure 2.17: Chemical structure of poly(3,4-ethylendioxythiophene)/poly(styrene sulfonate) (PEDOT:PSS) [15].

Alternatively, poly(3,4-ethylendioxythiophene)/poly(styrene sulfonate) (PEDOT:PSS) is a commercially
available polymer, similar to PEDOT, but doped by PSS further increasing the electronic conductivity of
the polymer. The chemical structure of PEDOT:PSS is displayed in figure 2.17. The -SO3H groups in PSS
are hydrophilic, making the PEDOT:PSS easily dispersible in water [15]. Spray-drying is considered a wet
coating method and can form evenly distributed layers on NMC particles [51]. The hydrophilic charac-
teristic of the additional PSS group can help with the coating formation on the NMC particle when using
spray-drying as an application method. PEDOT:PSS has already been used as a binder for the cathode

21



2.4. Polymeric Interlayers as Protective Coating on Cathode Active Material 2. Literature Review

composite in halide-based SSB in a study by Nazmutdinova et al. [15]. This resulted in increased elec-
tronic percolation and increased discharge capacity in the halide-based SSB. However, PEDOT:PSS has
not seen any scientific publications as a protective coating in sulfide-based SSBs.

2.4.3. Polycarbonate-PEO as an Ionic Conducting Polymeric Protective Coating

Block polymers are designed to combine ionic conductivity with electrochemical stability and elastomeric
mechanical properties [16]. Polycarbonate-poly(ethylene oxide), is an example of a triblock polymer with
an ABA-block structure. Herein, "A" stands for a "hard" polycarbonate block, and "B" for the "soft" PEO
block. The "A" block provides oxidative stability and enhanced mechanical rigidity. The soft "B" (PEO)
block is known to be the golden standard matrix for solid polymer electrolyte [62]. However, the limita-
tions of PEO are a relatively low lithium transference number and low ionic conductivity. PEO as a triblock
polymer, with an ABA-block structure (PC-PEO-PC), ensures improved ionic conductivity, and mechani-
cal and electrochemical stability.
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Figure 2.18: a) Reaction scheme: i) ring-opening copolymerization (ROCOP) of CO» with 4-vinyl cyclohexane oxide (vCHO) ii)
UV-mediated reaction with phosphonic acid (MEPA . b) Schematic of the PC-PEO-PC, ABA-block structure. c) Charge-discharge
voltage profiles with varying repeat units and volume fraction. d) Capacity retention vs cycle number. Image adapted from Gregory
etal. [16].

Figure 2.18 a) displays the reaction scheme and the chemical structure of PC-PEO created in the study
by Gregory et al. [16]. A schematic representation of PC-PEO-PC is shown in figure 2.18 b), here PEO is
represented as the "soft" block sandwiched between the "hard" PC block. The mechanical and kinetic
properties of the PC-PEO are dependent on the mid-segment length of PEO, namely the repeat units
of ethylene ozides (n), and the volume fraction of PC (fpc. Short PEO mid-segments result in triblock
polymers with unfavorable mechanical properties, excessively long PEO segments give rise to difficult
processing characteristic. The optimized triblock polymer in the study of Gregory et al. [16] has a repeat
unit between the values of n = 182 and n = 795, and a minimal volume fraction of PC of 0.25 (fp¢ > 0.25)
to ensure oxidative stability and sufficient mechanical stability.

Ring-opening copolymerization (ROCOP) chemistry was selected as the most suitable way to form the
outer PC blocks of triblock polymer. This technique allows for excellent control over the chain end groups,
molar mass, and overall composition of the polycarbonate blocks [63]. UV-mediated thiol-ene reactions
are the method of choice to create stable polymer groups [64]. Phosphonic acid can be attached to the
PC blocks creating a customized adhesion compatibility with the cathode active material. LiTFSI can be
added to the mixture to increase the polymer’s ionic conductivity, as shown in figure 2.18b).
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The cycling results of the SSB with PC-PEO are displayed in figure 2.18c) and figure 2.18d) [16]. Here,
PO is a cell without any polymer, P1 is a cell with PC-PEO characteristics n = 795 and fpc = 0.26, P2 is a
cell n =795 and fpc =0.70, and P3 is a cell with n = 182 and fpc = 0.37. Initial charge capacity was highest
for P2, followed in descending order by P3, PO, and P1 (figure 2.18c). However, P1 beats all other samples
in terms of cycling retention with 86% after 200 cycles. In summary, polycarbonate-PEO block polymers
are promising candidates for improving the conductivity and cyclicability of solid-state batteries.

2.4.4. Vulcanized Butadiene Rubber Binders

Vulcanized Butadiene Rubber (BR) can form a mechanically stable alternative to other reinforcing binders
for sulfide-based solid-state batteries, under low or no external stack pressure [17]. In the work by Kwon
et al. [17] the vulcanization of BR during a wet-slurry process formed a resilient crosslink structure, sup-
pressing the (chemo-)mechanical degradation of the composite cathode. The results suggest that the
integrity of the particle structure of the cathode, during electrochemical cycling, is maintained better
compared to pristine BR.
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Figure 2.19: Schematic of the in situ formation of vulcanized BR binders during the slurry fabrication process for sheet-type
electrodes [17].

The most commonly use method for the fabrication of sheet-type electrodes is wet-slurry casting,
with solid-electrolyte infiltration and dry electrode technology [65]. Although this is a popular fabrication
method, wet-slurry casting is a problematic process in combination with sulfide-based S . This is caused
by the incompatibility and weak adhesion of sulfide-based SE with solvent and binders [66]. Kwon et al.
[17] improved the adhesive characteristics of the mixture by crosslinking the BR binder, during slurry cast-
ing. The crosslinking process in which the BR chains are connected, forming a network of crosschained
chemical compositions, is called vulcanization [67]. In the study by Kwon et al. [17], sulfur was added to
the slurry crosslinking the butadiene rubber, thus vulcanizing the BR, schematically represented in figure
2.19.
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Figure 2.20: Electrochemical performance of pouch-type full cells employing pristine and vulcanized BR, operated under no
external pressure. a) Charge—discharge voltage profiles of the pouch-type full cells at 0.05C, and b) cycling performances with a
photograph of a pouch-type full cell [17].

Figure 2.20 displays the cycling performance of pristine and vulcanized B . Pristine BR refers to linear,
or non-crosslinked, butadiene rubber. The initial capacity of the cycled pouch-type cells in the study of
Kwon et al. [17] are shown in figure 2.20a), these results were obtained under no external stack pressure.
Evidently, the initial capacity of the vulcanized BR is much higher than that of pristine BR (165 vs. 150 mA
h g7! at 0.05C, respectively. The capacity retention during cycling of the vulcanized BR also showed to
be superior to that of the pristine BR, displayed in figure 2.20b. At the 150th cycle, the capacity retention
of the cathode with vulcanized BR was 72.8% compared to the 2nd cycle, whereas the capacity retention
for the cathode with pristine BR was a mere 61.8%. As has been demonstrated, the vulcanized butadiene
rubber has the upper hand in terms of initial capacity, and capacity retention compared to pristine BR.

2.4.5. PDDA-TFSI as a Polymerized Ionic Liquid

Most polymeric binders in lithium batteries are inactive due to their inability to conduct lithium ions,
resulting in lower power densities and cell capacities [19]. However, these inactive polymer binders are
essential in lithium batteries to improve cycling lifetimes, by reducing degradation effect. One example of
an inactive polymeric binder is the frequently used poly(vinylidene difluoride) (PVDF). Examples of active
binders are poly(ionic) liquids or Polymerized Ionic Liquids (PILs). These are polymeric binders that can
improve the electrochemical cycling performance of the cell, while also providing lithium ion conduction
to enhance capacity values and power densities of the cell [68]. PILs have a large electrochemical stability
window, are flexible, and conduct lithium ions due to the structure where a polymeric backbone is bonded
with the ionic liquids, typically cationic or anionic groups [69].
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Figure 2.21: Chemical structure of poly(diallyldimethylammonium) bis(trifluoro- methanesulfonyl)imide (PDDA-TFSI), with the
polymeric PDDA backbone in black, and the lithium salt LiTFSI in blue, adapted from Del Olmo et al. [18].

PILs can be used for a variety of scientific fields, such as CO, separation membranes [70], gel polymer
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electrolytes [71], and binders for LIBs [19]. A frequently used PIL is the PDDA-based poly(diallyldimethyl-
ammonium) bis(trifluoro-methanesulfonyl)imide, PDDA-TFSI, or PDADMA-TFS. A schematic represen-
tation of the polymerized ionic liquid, PDDA-TFS]I, is depicted in figure 2.21. In a study by Vauthier et
al. [19], PDDA-TFSI was one of four PDDA-based PILS that were tested as a binder for LIBs. The PIL dis-
played to be thermally stable up to temperatures of 355°C, and improved cycling performance compared
to polyvinylidene fluoride (PVDF), which is known for its high mechanical, thermal, and electrochemical
stability [72]. However, the initial capacity of LIB with PDDA-TFSI seemed to be lower than the cell with
conventional PVDE as displayed in the charge-discharge voltage profiles and cycling performance graphs
of figure 2.21 performance. Vauthier et al. [19] suggested that PDDA-based binders can play an impor-
tant role in the development of solid-state batteries due to their intrinsic ionic conductivity, providing
enhanced ionic percolation pathways. PDDA-TFSI has not seen any scientific publications as a protective
coating in sulfide-based SSBs.
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Figure 2.22: Electrochemical performance of pyrrolidinium-based poly(ionic liquid) binders in Li-ion batteries. a)
Charge-discharge voltage profiles at 0.3C and 25°C, and b) capacity retention vs cycle number [19].

2.4.6. Protective Coating Application Strategies

The application of protective coatings on cathode active material can be done in many ways, two tech-
niques are highlighted; spray-drying, and microencapsulation. Spray-drying is a technique that is used
often in industry and is classified as a wet-coating method [73]. In the work of Shi et al. [20], spray-
drying was used to obtain a uniform coating of poly((4-vinyl benzyl)trimethylammonium bis(trifluoro-
methanesulfonylimide)) (PVBTA-TFSI). Another often-used method for the application of surface coat-
ings is microencapsulation. This method is based on using a solvent and an anti-solvent, making the
soluble polymer collapse on the NMC particles [74].
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Figure 2.23: Schematic representation of the spray-drying surface coating process of NMC particles after collection the NMC is
further dried in vacuum [20].

A schematic representation of the spray-drying method of NMC particles from the study of Shi et al.
[20], is displayed in figure 2.23. For a coating to function properly, the adhesion of the coating material to
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the NMC particles is crucial. Ionic groups in the discussed polymers have strong electrostatic interaction
with the metal-oxide surfaces, such as that of the NMC particles [75]. During spray-drying, the size of
the sprayed droplets compared to the particle size of the NMC determines if a uniform coating is formed
on the NMC particles. Droplets with the polymer solution should have a greater diameter than the NMC
particles to form a uniform protective coating, as shown in the study of Shi et al. [20]. Here, dry-spraying
proved to be a successful technique to coat NMC particles, which in turn significantly improved the cy-
cling performance, by decreasing the detrimental effects of volume changes and cracking of the NMC
particles.

Microencapsulation is a technique used in a wide variety of commercial applications [76]. The process
is usually carried out in two steps [74]. First, a solution of the soluble polymer is created, and the insoluble
NMC particles are present in the solution. Then, an anti-solvent is added to the solution, ensuring the
envisioned protective polymer collapses on the NMC particles, creating a homogeneous coating on the
surface of the NMC particles. Microencapsulation has been used successfully to coat graphite anode
material [77], and to coat cathode active material with flame retardants[78], both in LIBs. Regardless of
the popularity of this coating technique in Li-ion batteries, the adaptation of this technique for solid-state
batteries is limited.

2.4.7. Choice of Polymeric Protective Coating

The application of ion-conducting polymers as protective coatings on cathode active material has gained
popularity among researchers as it has the potential to resolve many of the interface issues between cath-
ode active material, solid electrolyte, and conductive additives[20]. Issues related to the cathode interface
are mechanical and (electro-)chemical [16], as described previously in section 2.2.1 Chemo-Mechanics
and Kinetics During Electrochemical Cycling. It is important to understand that the kinetics, electronic
and ionic percolation, within SSBs must be improved to compete with conventional LIBs. Sulfide-based
SE, such as argyrodite, shows ionic conductivity similar to that of liquid electrolyte counterparts. How-
ever, argyrodite has shown to be incompatible with conductive additives [58], which ensure electronic
conductivity.

In summary, to increase the performance of argyrodite-based SSBs, polymeric protective coatings
should i) buffer volumetric changes to avoid contact loss between the CAM and the SE, ii) be electrochem-
ically stable to avoid electrochemical decomposition, and iii) enhance ionic, or electronic, conductivity to
improve the electrochemical kinetics. Specifically for this study, the commercial availability of the poly-
mer is a factor that is also considered. This literature review covered four candidates up for consideration
for this study, namely; PEDOT:PSS, PC-PEO, butadiene rubber, and PDDA-based polymers. Following is
the reasoning for the selection or discarding of the four studied polymer candidates:

e PEDOT:PSS is unique for its ability to conduct ions as well as electrons, caused by the additional
PSS group [15]. A relatively similar structure, PEDOT, also displayed significant improvements to
the capacity and cycling performance as a protective coating on the NMC particles and CNTs in
LGPS-based SSBs [14]. PEDOT:PSS has been used as a binder in halide-based SSBs, displaying an
increased electronic percolation and discharge capacity. The conducted research makes a strong
case for using PEDOT:PSS as a polymeric protective coating for sulfide-based SSBs.

e PC-PEO has great mechanical and electrochemical stability properties, due to the "hard-soft-hard’
triblock polymeric structure. However, this polymer has already been used as a binder in LPSCI-
based SSBs in a study by Gregory et al. [16]. In this study the PC-PEO triblock polymer was synthe-
sized in-house, creating a multitude of chain lengths and polycarbonate volume fractions. PC-PEO
is not commercially available, making this an unsuitable candidate for this specific study.

¢ Vulcanized Butadiene Rubber (BR) has great mechanical characteristics, and the initial capacity of
an SSB with vulcanized BR is superior to that of one with non-vulcanized BR [17]. In the study by
Kwon et al. [17], wet-slurry casting was the selected method to apply vulcanized BR as a binder in
sulfide-based SSBs. However, due to the non-polar nature of BR, this polymer will not stick to the
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NMC particles. Therefore, vulcanized BR is not a suitable candidate to form polymeric protective
coatings in the cathode composites of this study.

* PDDA-based polymerized ionic liquids, have properties similar to that of conventional PVDE How-
ever, whereas PVDF functions as an insulator, PDDA-based polymers with ionic liquids can conduct
ions to a greater extend [69]. The best-performing PDDA-based PIL in LIBs in the study of Vauthier
et al. [19] was PDDA-CFSO; however, PDDA-CFSO is not commercially available. The second-best
commercially available PIL is PDDA-TFSI, and will therefore be part of this study to improve the
performance and cycling lifetime of sulfide-based SSBs.
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Materials and Methods

This chapter introduces the procedures for preparing solid-state batteries, the methods to assess their
performance, and the techniques to analyze the degradation mechanics. First, the types of materials and
the assembly procedures of the multiple components of the SSBs are introduced. Second, the applica-
tion method of the polymeric interlayers on the cathode active materials is described. Subsequently, the
electrochemical cycling for the SSB performance testing is explained. Finally, the characterization tech-
niques used in this study, Electrical Impedance Spectroscopy (EIS), X-ray Photoelectron Spectroscopy
(XPS), Scanning Electron Microscopy (SEM), and X-ray Diffraction (XRD), are briefly introduced.

3.1. Preparation of the Cathode Electrode Composites

The cathode composites of the solid-state batteries tested in this study were prepared using a mixture of
argyrodite (LigPS5Cl, Dso = 5 um), with polycrystalline NMC811 particles (LiNip gMng 1 Cog.102, Dsg = 10
- 13um, 200 mAh/g) from the NEI Corporation, or with single crystal NMC Ni82 (LiNig goMng 97C0g.1102,
Dsg =3 - 5um, 200 mAh/g) from MSE Supplies LLC, material specifications are listed in appendix A. First,
70 milligrams of NMC was carefully weighed on an analytical balance. An analytical balance is an accu-
rate laboratory balance with measurement accuracy up to 0.1mg. After this, 30 milligrams of argyrodite
was weighed. Both powders were added to an agate pestle and mortar and hand-mixed for 15 minutes.
An agate pestle and mortar was used, as it has a high hardness, and a very fine grain structure for easy
cleaning, reducing the chances of cross-contamination with other sample materials.

Multiple compositions of cathode composites were created by mixing additional materials, such as
conductive additives, or by using NMC particles with coatings of different thicknesses instead of the pris-
tine NMC. The cathode composite for testing the effect of carbon nanofibers (CNFs), a conductive addi-
tive, was made with CNFs purchased from Sigma Aldrich. The material specifications are in appendix A.
For this sample set, 70 mg of NMC811 particles were mixed with 3mg of CNF before mixing it with 27 mg
of argyrodite. This composition ensures a similar cathode active mass loading.

The cathode composite for the samples with polymeric protective coatings was created by replacing
the 70mg of pristine, uncoated NMC particles with particles coated with polymeric protective coatings.
The protective coating on the NMC particles has a varying thickness, dependent on the weight percentage
of polymer added to the solution during the coating application process. The formation of the solution
and the application process of the polymeric protective coating is described in more detail in section 3.2
Polymer Coatings on the Cathode Active Material.
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3.2. Polymer Coating Application

For this study, multiple application strategies have been looked at to create a uniform protective coating of
even thickness on the surface of the NMC particles. The advantages and disadvantages of these strategies
have been briefly touched upon in section 2.4.6 Protective Coating Application Strategies. Both applica-
tion strategies have been used; the settings and process steps will be described following the decision-
making for the polymer interlayer application for this study.

The spray-drying installation used in this study is the Buchi Mini Spray Dryer S-300. The laboratory
spray dryer has maximal flexibility, allowing for a custom application approach [79]. Before spray-drying,
asolution of 1 gram of NMC, 25mL of acetone, and 1wt% or 3wt% of the studied polymer was added to the
solution. In this case, 10mg and 30mg of PDDA-TFSI was added to create the 1wt% and 3wt% PDDA-TFSI
samples. This solution was stirred at 500 rpm for 45 minutes to create a fully suspended solution, after
which it was fed into the Bunchi Mini Spray Dryer with the following settings. Drying Gas: 35 m®/h, Inlet
Temperature: 150 °Celsius, Spray Gas: 1800 L/h, Pump 1: 4 mL/min, Outlet Temperature: 200 °Celsius,
Deblock: 20 bpm. After spray-drying, the coated NMC particles were collected in the collection chamber
and further dried overnight in a vacuum oven at 80°Celsius. The coated NMC particles were used to
prepare the cathode composite as described in the previous sub-section 3.1, Preparation of the Cathode
Electrode Composites. Figure 2.23 presents a schematic overview of the application method.

Figure 3.1: Schematic representation of the carried out microencapsulation coating process.

Microencapsulation is the second technique that has been used to coat the NMC particles with a
polymer protective layer. First, for the PDDA-TFSI coating, 10mg and 30mg was weighed and dissolved,
each into 25mL of acetone - here the acetone acts as a solvent for the polymer. Then, 1g of NMC particles,
which are insoluble in acetone, were added, creating a suspension. The ratio of 1g NMC to 10mg or 30mg
of PDDA-TFSI creates a 1wt% and a 3wt% coating of different thicknesses. The suspension was stirred at
500rpm for 30 minutes, after which 25mL of ethanol was added. Here, ethanol was used as an anti-solvent.
The suspension with ethanol was stirred for 10 minutes at 500rpm, making the polymer precipitate on
top of the NMC particles. The liquids were later evaporated by setting the suspension on a hotplate while
stirring, leaving only the coated NMC particles behind, which were dried overnight in a vacuum oven at
80°Celsius. Figure 3.1 presents a schematic overview of the described process.

In the later stages of this study, PDDA-TFSI was mixed with LiTFSI to enhance the ionic conductivity of
the polymeric protective coating. This specific coating was only used on single-crystal NMC, Ni82. A 1:1
mole ratio of PDDA-TFSI to LiTFSI was used to optimize the Li* transference number without creating
a crystalline phase of the Li-salt. Wang et al. [80], showed that at mole ratios above 1:1.15, crystalline
phases would form for PDADMA FSLLIiFSI. The formation of a crystalline phase leads to a decreased ionic
diffusion coefficient and should, therefore, be avoided. The selected 1:1 ratio is deemed to be on the safer
side, this could however be further optimized.

The molar weight of LiTFSI is around 287 grams per mole [81]. The repeating monomer unit of PDDA-
TFSI is similar to that of Pyr13TFSI, and has a molar weight of around 408 grams per mole [81]. To create a
1:1 mole ratio, a 287:408 weight ratio was used. For the coating on 0.75g of single-crystal NMC, Ni82, 15mg
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of PDDA-TFSI:LIiTFSI was made by mixing 6.2mg of LiTFSI with 8.81mg of PDDA-TFSI. This results in a
2wt% coating of PDDA-TFSL:LiTFSI on the single-crystal NMC. Due to the tendency of LiTFSI to absorb
moisture from the air, the microencapsulation process was performed in a glovebox. First, the 6.2mg
of LiTFSI and the 8.81mg of PDDA-TFSI was added to 5mL of acetonitrile, which was mixed forming
a homogeneous solution. Afterward, 0.75g of single-crystal NMC was added, forming a suspension that
was mixed for 60 minutes. Stirring was performed using a magnetic stirrer with the suspension in a closed
bottle, which did not allow the evaporation of the solvent. After 60 minutes, the bottle cap was removed,
and the suspension was dried on a hotplate at 60°Celsius, with continued stirring. Finally, the remaining
solution was placed in a vacuum antechamber to further dry overnight.

3.3. Solid-State Battery Cell Assembly

This study creates full solid-state batteries, meaning an anode, cathode, and separator are prepared for
testing and pre- and post-cycling analysis. The prepared solid-state battery is made between two steel cell
parts denoted with A and B in figure 3.2. In between the steel parts, surrounded by the PEEK sleeve, the
argyrodite separator, the cathode, and the Lithium-Indium anode were prepared in that respective order.
The diameter of the compressed cell is 10mm, giving the cell a surface area of ~0.8cm? which is getting
compressed.

Figure 3.2: Schematic representation of the solid-state battery assembly procedure. In step iii) and iv) the cell is turned upside
down for the preparation of the cathode.

First, the PEEK sleeve was placed on the steel cell part B. After this, 60 milligrams of argyrodite was
carefully weighed and evenly spread inside the PEEK on top of the steel cell part. The second steel cell part,
part A, was placed on top and together placed in the press, where the argyrodite separator was compressed
at 124.9 Mpa of pressure for 1 minute. After retrieval from the press, the argyrodite pallet was checked for
cracks, or other deformations, before proceeding with the following steps.

After opening the cell and examining the separator, 12mg of any of the created cathode composites
is added to one side of the separator. All cathode composites consist of 70wt% of NMC active materials,
by making cathodes of 12mg the cathode active loading is kept constant for all created solid-state cells.
Cathode active loading was ~10mg/cm?, or 2mAh/cm?, assuming a rated capacity of 200mAh/g for the
NMC. The cathode composite is, again, carefully spread inside the PEEK on top of the argyrodite separator
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before closing the cell with cell part B and placing it back in the press. The upper limit for the compressing
on the cathode is set at 312.6 MPa of pressure for 5 minutes.

Finally, the Lithium-Indium anode of the solid-state battery is made by pressing a Lithium foil on the
back side of an Indium foil, creating a metal alloy functioning as the anode of the SSB. An indium foil with
a diameter of 8 millimeters is placed on the argyrodite separator, after that lithium foil with a diameter of
5 millimeters is placed on the indium foil. The weight ratio of Indium to Lithium was optimized per the
work of Santhosha et al. [5]. Before closing the cell with cell part A, a 10-millimeter diameter copper foil is
placed between the Liln alloy and the steel cell part. The full cell is placed in the press and closed at 62.7
MPa. Three bolts are tightened, keeping the closing pressure of the cell at roughly 62.7 MPa. Figure 3.2
presents a schematic overview of the described procedure.

3.4. Electrical Measurements and Cell Cycling

The electrochemical cycling of the batteries was performed on the MACCOR workstation. The solid-state
batteries were charged and discharged between 2.15V and 3.7V. The upper cutoff potential was 3.7V -
corresponding to 4.3V vs Li*/Li - as the capacity deterioration is significantly increased for higher cutoff
potentials [82].

The first two cycles are run at a C-rate of C/20, 0.05C, meaning one-twentieth of the theoretical bat-
tery capacity is being charged per hour. These first two formation cycles ensure a stable solid electrolyte
interphase on the anode, preventing irreversible consumption of lithium ions [83]. After the second cy-
cle, the batteries are charged to a potential of 3.0V, and the first electrochemical impedance spectroscopy
(EIS) measurements are taken. The following 100 cycles are run at a significantly higher C-rate of C/5, or
0.2C, which is a faster, more representative charging rate. After cycle 100, the battery is charged to 3.0V,
and a post-cycling EIS measurement is taken. For all varieties of batteries, a minimum of two samples are
created for cycling performance testing. This is done to normalize the generated results and reduce the
chances of a one-off event of good or poor battery performance.

3.5. Electrochemical Impedance Spectroscopy

Electrochemical Impedance Spectroscopy (EIS) is a frequently used technique in semiconductor science
and storage technology research [21]. This technique is non-destructive, which means it can be used to
create an understanding of the manufactured sample without affecting the characteristics or the future
performance. As it can relate the performance degradation with the impedance evolution, EIS has be-
come an important pre-, and post-cycling analysis tool in battery research [84].

Figure 3.3: Randles equivalent circuit, and Nyquist plot for a wide range of frequencies [21].
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EIS data is generally represented in a Nyquist plot, as the example presented in figure 3.3. The plot can
be broken up into two domains, the high-frequency domain where kinetics control the ionic transport,
and the low-frequency domain where mass transfer mechanics control ionic transport [21]. Figure 3.3
also displays Randles equivalent circuit, often used to model an electrochemical system’s kinetic and mass
transport. Here, R, represents the electrolyte resistance, Cy; the double layer capacitance, R.; the charge
transfer resistance, and Z,, the Warburg impedance [21].

In this study, electrochemical impedance spectroscopy was used to study the interface resistance of
the batteries pre-cycling as well as post-cycling. The first EIS measurement was taken after the batteries
completed two formation cycles and were charged to a potential of 3.0V. The second EIS measurement is
taken after 100 cycles. Measurements were taken between 10 MHz and 1Hz, to measure both the kinetic
control domain, translating to the bulk SE resistance, and the charge transfer control domain, involved
with solid-electrolyte separator/electrode resistance and the ionic resistance across NMC and SE inter-
faces [47]. In later measurements for single crystal NMC, lower frequencies up to 0.1Hz were applied.

A challenge in EIS measurements analysis lies in accurately fitting an electrical equivalent circuit to
the system under investigation. Each element within the circuit must correspond to a distinct physical
property, such as the bulk-, SE-electrode-, and charge transfer resistance. However, prior knowledge of
the impedance linked with each element is needed to select the circuit components appropriately. Con-
sequently, a Distribution of Relaxation Times (DRT) analysis is conducted, serving as a technique to aid
in the fitting of an equivalent circuit to the impedance data [85].

3.5.1. Distribution of Relaxation Times

Figure 3.4: DRT plots for a) R/C parallel circuit elements, and b) R/Q parallel circuit elements [22].

The Distribution of Relaxation Times is a Fourier Transform of the electrical impedance data that can
analyze the number of polarization processes causing internal voltage losses[86]. The ideal R/C parallel
circuit represented in Randles equivalent circuit is a simplified representation of the physical system. The
R/Q parallel circuit describes the real physical system, where Q is a Constance phase element modeling
the behavior of a double layer [87]. The DRT of an ideal parallel circuit gives a Dirac, whereas the DRT of
the R/Q parallel circuit element returns a parabola (see figure 3.4 [22]). The R/Q parallel circuit elements
impedance can be described by [88]

R
Zpg = ( 3.1)

1+ joRC)?
Where R is the resistance, w is the angular frequency, and C is the capacitance. For the ideal R/C

parallel circuit, the time constant is given as

T=—= RC (32)
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With the expression for the time constant (7), the DRT curve (fig 3.4b)), can be split in n number of
R/C circuit elements, which can be expressed as

n R Tn
Zprr = Y - =f Y(_T) dr,x=1..n (3.3)
S (+jor) Jn (14 jwr)
where the distribution of polarization at each time constant is described by y(r). Individual process
resistances, both in the kinetic control domain and the charge transfer control domain, can be described
by [22]

Tn
sz y(n)dr (3.4
T

The benefit of performing a DRT analysis is that the impedance data can be interpreted more easily,
without prior knowledge of an equivalent circuit. Using the RelaxIS 3 software, DRT analysis was per-
formed to find an equivalent circuit for the interface resistances of the pre-, and post-cycled solid-state
batteries. In this study, the impedance data was used in the DRT analysis, revealing an equivalent circuit,
which was fitted to the original impedance data to quantify the interface resistances.

3.6. X-ray Photoelectron Spectroscopy

Figure 3.5: Schematic representation of X-ray Photoelectron Spectroscopy set-up [23].

X-ray Photoelectron Spectroscopy (XPS) is a technique used for material characterization in material sci-
ences. In solid-state battery research, this can be the characterization of lithium metal anodes, solid elec-
trolytes, and cathode composites. A schematic representation of an XPS set-up is given in figure 3.5 [23];
this system consists of the following elements. A vacuum chamber that allows the electrons emitted from
the sample to move freely. Photons of known energy are emitted from an X-ray source, in order to excite
electrons from molecular orbitals of the sample. An electrostatic lens gathers the electrons and focuses
their trajectory into the energy analyzer. The energy analyzer only allows electrons with a specific kinetic
energy to pass through - different chemical species can be distinguished as the kinetic energy is directly
related to the binding energy [89]. The final component is an electron detector, recording the number of
electrons of a given kinetic energy arriving from the energy analyzer. The data produced is the counts per
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second as a function of binding energies - related to the kinetic energy - from atoms at the surface of the
sample being characterized.

XPS is a technique sensitive to the photoemission from the top few nanometers of the sample. The
emitted photoelectrons are displayed in an energy spectrum; this graphic representation usually displays
primary photoelectron peaks and scattered signals. The primary photoelectron peaks represent the sum
of the electrons arriving at the electron detector in counts per second; these peaks are located at the
specific binding energies of the emitted photoelectron [23]. Signal fitting was performed using Shirley
background, from the Case.xps library.

In this work, XPS measurements were taken of the cathode electrodes post-cycling. The samples are
handled in the glove box and placed into a vacuum holder before being placed in the XPS apparatus.
Measurements are fitted on the S2p, P2p peaks, meaning the focus is placed on Sulfur and Phosphorous
compounds, which are the most common degradation products resulting from the electrochemical cy-
cling of the LPSC-based batteries. Compounds suggested to show up in the XPS results are sulfates (SOy),
lithium polysulfides, P»Sx (X = 5), lithium phosphide (Li3P), and lithium sulfide (Li,S) [4].

3.7. Scanning Electron Microscopy

Electron
source 4@
Anode —.-F. -

w3
Amplifier

w ' -
s [
Objective I "/YSWHCD\ s
lens _\ /

Back-scattered ‘:%

electron detector
X-ray L b 3 //

detect » A
etector —\\ h f ' Secondary
s VS electron detector

"’—;7 Sample

Figure 3.6: Schematic representation of a Scanning Electron Microscope [24].
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Scanning Electron Microscopy (SEM) is a method for acquiring high-resolution images and intricate sur-
face details of materials at a nanoscale. The electron microscope ejects a focused electron beam to scan
the sample’s surface, producing images at significantly higher resolutions than those achievable through
optical microscopy [24]. A schematic representation of a scanning electron microscope is depicted in
figure 3.6. In a scanning electron microscope, electrons are generated at the top of the column in the
electron gun and accelerated through the column. Condenser lenses and apertures work to reduce the
beam diameter, with the final objective lens focusing the beam on the sample surface, achieving a diame-
ter ranging from less than 1 nanometer to 20 nanometers. The sample is mounted on a stage in a vacuum
chamber, with the column and chamber maintained under vacuum. Signals, including secondary elec-
trons, backscattered electrons, and characteristic X-rays, are generated when the beam strikes the sample
and are detected by appropriate detectors.
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3.8. X-ray Diffraction 3. Materials and Methods

Secondary electrons are detected with the Secondary Electron Detector (SED), and Backscattered
electrons are detected with the Backscattered Electron Detector (BED). While secondary electrons emerge
from 0-10nm depth, backscattered electrons emerge from 10-100nm depth, allowing the researcher to
look at different surface depths of the sample. Also, the acceleration voltage influences the detection
depth: lower voltages give more information from the surface, and higher acceleration voltages allow
for electron detection from deeper within the sample. The scan generator, synchronized with an exter-
nal computer, enables real-time, pixel-by-pixel grayscale image display [24]. The produced images can
achieve resolutions ranging from 3 nm to several micrometers. In BED images, the NMC particles appear
brighter compared to the LPSC due to the elemental makeup of the materials. NMC particles are made up
of heavier elements, resulting in bigger nuclei, deflecting electrons more strongly than lighter elements.

In this study, the JEOL JSM-IT100 was used for samples in an airtight holder, and the JEOL JSM-
IT700HR FE-SEM for NMC powder investigations. SEM images are made by extracting the battery com-
ponents between the steel cell parts and placing them in an airtight sample holder. Single-pallet cathode
electrodes were constructed and placed in the airtight holder to generate pre-cycling SEM images of the
cathode surface morphology. Both Secondary Electron Detector (SED) and Backscattered Electron De-
tector (BED) images were taken to look at different surface depths of the sample.

3.8. X-ray Diffraction
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Figure 3.7: Schematic representation of a X-ray Diffractometer [25].

X-ray Diffraction (XRD) was used to characterize the polymeric protective coating on the NMC particles
and to study the crystallographic lattice parameters of the NMC particles pre-, and post-cycling. XRD is
a method used to identify the compositions, microstructures, and molecular structure of coatings. The
typical experimental setup is shown in figure 3.7 [25]. This method is a valuable addition to other tech-
niques used in the degradation analysis of the cathode-electrolyte interface. Fitting XRD patterns can
also allow the detection of secondary phases in the sample, and the calculation of lattice parameters can
reveal information about experienced stresses during cycling [90].

XRD relies on the constructive interference of X-rays and the crystalline battery components. X-rays,
which are short-wavelength electromagnetic radiation, are produced when sufficiently energetic charged
particles are slowed down in the X-ray Tube [91]. These X-rays are focused and aimed at the sample as the
incoming beam. The interaction between the incident X-rays and the sample generates a diffracted beam,
which is intercepted by a detector. The incoming beam, and thus the diffracted beam, are produced at
various angles, resulting in a diffraction pattern revealing information about the sample.

In this study, Cu radiation was used, with the absolute scan function and the XCelerator detector.
Diffraction patterns were collected in a 26 angular range from 10° to 90°, with a step size of 0.008°. Post-
cycled samples, as well as coated NMC particle powders, were characterized by XRD.
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Results

The upcoming chapter describes the results of experiments conducted on various assembled sulfide-
based solid-state batteries (SSBs). These experiments aimed to investigate the electrochemical cycling
performance and degradation mechanisms - caused by electrochemical instability or mechanical defor-
mation - during the electrochemical cycling of SSBs with conductive additives or polymeric protective
coatings. Firstly, the impact of the addition of Carbon Nanofibers (CNF) to the cathode composite on
the cycling performance and the electrochemical and mechanical stability of the SSBs is explored. The
cycling performance of single-crystal and polycrystalline Ni-rich cathode active materials is also tested.
This is followed by examining the effects of polymerized ionic liquids (PIL), PDDA-TFSI, as polymeric pro-
tective coatings for polycrystalline NMC811 particles. Finally, the influence of PDDA-TFSI and lithiated
PDDA-TFSI as a protective coating on single-crystal NMC Ni82 is investigated. Each of the three subsec-
tions on CNFs, PIL on polycrystalline, and PIL on single-crystal NMC, the presentation of results includes
cycling performance, Electrochemical Impedance Spectroscopy (EIS), X-ray Photoelectron Spectroscopy
(XPS), X-ray Diffraction (XRD), and Scanning Electron Microscopy (SEM) images.

4.1. Cathode Composite Optimization: Effect of Carbon Nanofibers and
Cathode Particle Size

This subsection describes the effect of CNF on the cycling performance and the degradation of SSBs with
argyrodite, as well as the differences between the performance of a polycrystalline, and a single-crystal,
crystal structure for the NMC particles. The cathode composites were prepared as described in section
3.1, and cell assembly was performed as described in section 3.3. In the following sub-sections, the pre-
pared samples are referred to as PC-NMC, SC-NMC and PC-NMC w/ 3-CNF. The PC-NMC samples were
prepared with a cathode composite consisting of 70wt% of polycrystalline NMC811 particles and 30wt%
argyrodite (LigPS5Cl). SC-NMC was prepared with 70wt% of single-crystal NMC Ni82, and 30wt% argy-
rodite. The samples named PC-NMC 3-CNF were prepared with a cathode composite consisting of 70wt%
polycrystalline NMC811, 27wt% LPSC, and 3wt% CNE

All samples were assembled twice. Replication of results is of utmost importance; this ensures that
the results are consistent and not due to chance or specific conditions presented in the initial experi-
ment. The assembly of two of the same SSBs also helped identify outlying performances of specific cell
configurations and ultimately helped with a consistent cell assembly protocol.

4.1.1. Cathode Powder Analysis using Secondary Electron Microscopy

SEM images of polycrystalline NMC811 and the single-crystal nickel-rich NMC were taken, shown in fig-
ure 4.1. These images were taken with the Secondary Electron Detector setting at different magnifica-
tions, at a similar acceleration voltage of 1kV. The images were taken to assess their differences in crystal
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4.1. Cathode Composite Optimization: Effect of Carbon Nanofibers and Cathode Particle Size 4. Results

structure and surface morphology; the following sections, where polymer interlayers are introduced, also
compare these pristine NMC particles with the coated cathode active material.

(a) (b)

() (d)

Figure 4.1: SEM images of a) polycrystalline NMC811 particles taken at a 2,500x magnification, b) the surface of a polycrystalline
NMC811 particle at 10,000x, c) single-crystal NMC Ni82 at 2,000x, and d) single-crystal NMC at 10,000x. All images were taken with
SED, and a 1kV acceleration Voltage.

The polycrystalline NMC811, depicted in figure 4.1a), and b), shows a spherical shape from aggrega-
tions of primary particles. These spherical aggregations have an average particle size (D50) of 10 to 13
pm. This specific image displays particles slightly larger and smaller than the provided D50 range, which
is to be expected. The NMC particles in the subfigures 4.1c), and d), have a single-crystal structure, solely
consisting of primary crystal particles. These crystals are smaller and have an average grain size (D50)
of 3 to 5 um. These images can later be referred back to for comparison with polymer-coated versions
of the identical nickel-rich NMC particles or post-cycled cathode electrodes using these active cathode
materials.
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4.1.2. Electrochemical Cycling Performance
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Figure 4.2: Long-term cycling discharge capacity of lithium-indium alloy anode, LPSCI, and SC-NMC, PC-NMC and PC-NMC w/
3-CNE at 0.05C for the first two cycles, 0.2C for following cycles, and at room temperature. Cathode active materials ~ 10 mg cm ™2,

To examine the impact of the carbon nanofibers on battery performance, galvanostatic cycling is con-
ducted on PC-NMC, and PC-NMC w/ 3-CNF at 0.05C for the first two cycles and 0.2C for the remainder
of the cycles, totaling 100 charge-discharge cycles. To study the difference between a single-crystal and
a polycrystalline crystal structure, similar galvanostatic cycling is performed on sample SC-NMC (Figure
4.2). The graph shows the specific discharge capacity in mAh/g versus cycle number and the coulombic
efficiency, expressed as the ratio (%) of the charge extracted during discharge to the charge applied during
charging.

PC-NMC showed an initial capacity of 129.7 mAh/g at the 3" cycle, versus the much worse 114.1
mAh/g of PC-NMC w/ 3-CNE Additionally, the capacity retention after 100 cycles of the PC-NMC was
significantly better than that of the 3-CNE Capacity retention shows the long-term battery stability [16],
and is determined as the discharge capacity at cycle x, relative to the initial discharge capacity. In this
case, the first two cycles are at a 0.05C rate, and the initial capacity is determined to be at the 3"? cycle,
where the C-rate is 0.2C. Therefore, the capacity retention in this study is the capacity of cycle 100 relative
to cycle 3. The capacity retention for Pristine NMC is significantly higher than that of 3-CNE with 82%
compared to 68%, respectively. Notably, a considerably higher voltage decay was seen during long-term
cycling for the sample with carbon nanofibers, shown in figure 4.3. Specifically, the voltage decay after
the 50th cycle is higher for the sample with carbon nanofibers, whereas this is less rapid for PC-NMC.
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Figure 4.3: Charge-discharge voltage profile for a) PC-NMC, b) PC-NMC with 3wt% Carbon Nanofibers, and c¢) SC-NMC, at 0.2C for
the 374, 50'", and the 100?" cycle. Cathode active materials ~ 10 mg cm™2.
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The 3rd cycle discharge capacity of the SC-NMC was 144.0 mAh/g, roughly 11% better than the dis-
charge capacity at the same cycle number for PC-NMC. The discharge capacity after 100 cycles for SC-
NMC was 121.1 mAh/g, resulting in a capacity retention for SC-NMC of 84%, slightly better than the 82%
of the sample with polycrystalline NMC. For SC-NMC and PC-NMC, we see that the voltage decay be-
tween the 3rd and 50th cycles is much greater than that of the following 50 cycles, indicating a decreasing
deterioration rate. Although the initial capacities vary among PC-NMC and SC-NMC, the capacity reten-
tion rates are approximately equal.

4.1.3. Resistance Evolution Monitoring with Electrochemical Impedance Spectroscopy

Several reasons can cause the difference in initial capacity and the deterioration of discharge capacity with
the introduction of carbon nanofibers; similar or other reasons can explain the improved initial capacity
for the sample with single-crystal NMC. Electrical impedance spectroscopy (EIS) was used pre- and post-
cycling to study the evolution of impedance, referring to the changes in the interface resistances during
cycling. Increasing impedance can lead to reduced performance and efficiency over time [84].
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Figure 4.4: Nyquist plot for a) PC-NMC, b) PC-NMC with 3wt% CNE and c) SC-NMC, pre- and post-cycling. Frequency ranges
between 10MHz and 1Hz. The frequency range for the SC-NMC is 10MHz to 0.1Hz.

Figure 4.4 shows the Nyquist plots of the SSBs pre-, and post-cycling. Initially, the pre-cycling EIS
measurements were taken at the open-circuit potential of the full-cell right after assembly; for that reason,
the pre-cycling EIS measurements of PC-NMC and PC-NMC w/ 3-CNF were taken at an Open Circuit
Potential (OCP) at 1.391V and 1.324V, respectively. The pre-cycling EIS measurements of SC-NMC were
taken after being charged to a potential of 2.987V. Post-cycling EIS measurements were taken at an OCP
of 2.989V, 2.983V, and 3.006V, for PC-NMC, PC-NMC with 3-CNE and SC-NMC, respectively. This makes a
direct comparison of all samples difficult, as differences might result from slight variations in the cathode
state of charge, which can influence the charge transfer resistance. Moreover, the frequency range for the
SC-NMC has been slightly broader with a lower frequency of 0.1Hz. However, an impedance comparison
between PC-NMC with and without CNE pre- and post-cycling can still be performed.

Another difficulty with the approach of EIS measurements is fitting an electrical equivalent circuit
to represent the system. Each circuit element should correspond to a specific physical characteristic -
such as the bulk resistance of the solid-electrolyte. However, a prior understanding of the impedance
associated with each component is necessary to select the appropriate circuit elements. Therefore, a Dis-
tribution of Relaxation Times (DRT) analysis is performed, which can be considered a method to help fit
an equivalent circuit to the impedance data, and give accurate approximation of the interface resistances
[85].
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Figure 4.5: DRT plots a) pre-cycling, and b) post-cycling, for PC-NMC, PC-NMC with 3wt% CNE and SC-NMC.

The performed DRT analysis (figure 4.5) revealed a system with three distinct peaks, denoted as Py, Py,
and P3. Where figure 4.5a) shows the DRT plots pre-cycling, and figure 4.5b) post-cycling. Here, the differ-
ent frequency range of the SC-NMC sample is evident and therefore not comparable to the polycrystalline
NMC samples. The peaks can be assigned to components of an equivalent circuit element with their resis-
tances. The DRT analysis, just like the Nyquist plot, consists of a high-frequency region, a midfrequency
region, and a low-frequency region, corresponding to Py, P», and P3, respectively. The peaks around 10~/
s can be assigned to the bulk resistance of solid-electrolyte (P;), sensitive to high frequencies. The peaks
around 1072 s can be speculated to be the interfacial resistance at the SE-separator/ electrode interface
(P2); this is the midfrequency region. The low-frequency region around 1 s can be assigned to the charge

transfer resistance of the NMC and the argyrodite (P3) [47]. The DRT analysis served as a technique to
find an equivalent circuit that could be fitted to the original EIS measurement. Given the three peaks,
the inductance of the electrical wires, and the Warburg impedance, the following equivalent circuit is
constructed (figure 4.6). A description of the physical meaning of each DRT peak is given in table 4.1.

Figure 4.6: Schematic representation of the proposed equivalent circuit.

Table 4.1: overview of resistance annotations and their assigned element in the proposed equivalent circuit.

Peak Description

Description in Eq. Circuit
- Inductance I
P; Bulk resistance of solid-electrolyte R;/CPE;
P, Solid-Electrolyte Separator/Electrode interface resistance  R»/CPE,
P3 Charge-transfer resistance of NMC/LPSC interface R3/CPE3
- Warburg Impedance, diffusion limitations w

The quantification of the interface resistances R;, Ry, and R3, pre- and post-cycling, can be con-
structed by fitting the proposed equivalent circuit to the original EIS measurements. The impedance data
is fitted in the Nyquist plot, shown in figure 4.7. The interface resistances were quantified using the Re-
laxIS software, the EIS data, and the equivalent circuit as input. The values for Ry, Rz, and R3 can be found
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in table 4.2. Pre-cycling the bulk resistance (R;, and the SE-pellet/electrode interface (Ry) are of the same
order of magnitude for both PC-NMC, as for PC-NMC with 3wt% CNE However, the sample with carbon
nanofibers as a conductive additive has the highest resistance values. Moreover, the pre-cycling charge
transfer resistance between NMC and the LPSC particles (Rs) is much greater for the sample with con-
ductive additives. One reason for this can be that the carbon nanofibers form an obstruction between the
NMC and the LPSC, therefore reducing the Li* conduction.
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Figure 4.7: Nyquist plot fitted to the proposed equivalent circuit, pre- and post-cycling, for PC-NMC, PC-NMC with 3wt% Carbon
Nanofibers.

Table 4.2: Interface resistances pre-, and post-cycling, of Ry, Ry, and Rz, for the samples PC-NMC, and PC-NMC with 3wt% CNE

Sample Pre-cycling Post-cycling
R;1(Q) R2(QQ)  R3(Q) R; (Q) R2(QQ)  R3(Q)
PC-NMC 23.29 21.858 37.316 31.076 30.183 198.79

PC-NMC w/ 3-CNF 29.56 32.197 196.28 36.995 38.366 268.01

Post cycling, the interface resistance between the NMC particles and the argyrodite (R3), is greater
for the sample with 3wt% carbon nanofibers compared to the cell with polycrystalline NMC without the
addition of Carbon Nanofibers. The increased Rs, caused by the addition of the conductive additive, can
be speculated to be the reason for higher overpotentials and a worsened discharge capacity after 100
cycles. The bulk resistance (R;) and the SE-separator/electrode interface resistance (Ry)) also display
elevated levels of resistance for the cell with 3wt% CNE Summarized, EIS measurements indicate that
the sample with 3wt% carbon nanofibers has increased interface resistance pre-cycling, as well as post-
cycling, which is in line with the cycling performance shown in figure 4.2.

4.1.4. Chemical Stability Analysis with X-ray Photoelectron Spectroscopy

To investigate the decomposition products of the samples, PC-NMC (fig.4.8a - c), PC-NMC with 3wt%
CNF (fig.4.8d - f), and SC-NMC (fig.4.8 g - h), post-cycling XPS is conducted. The S2p spectra has closely
spaced spin-orbitals (j=3/2 and j=1/2) [92], and four distinct doublets are observed. These doublets are
PS?[ at a binding energy of =160.5 eV (red doublet), P-S-P at =162 eV (green doublet), S, at =164eV (blue
doublet), and SO, at a binding energy of roughly 170eV (purple doublet) [93]. Here, "S," is a simplifica-
tion for various compounds, besides elemental sulfur, that can be originating from that binding energy
[94]. The S2p peak consists of doublets with a peak split constrained to 1.16eV and a peak intensity ra-
tio of 0.511. The P2p spectra look slightly different for the various samples, and up to five doublets can
be identified; PS?{ at =132.5eV (red doublet), P-S-P at =134eV (green doublet), oxidized phosphorous,
phosphates, at ~135.5eV (cyan doublet), reduced P° and Li,P at ~129.5eV and ~128.5eV (blue doublet).
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[95][94] The P2p peaks consist of doublets which are constrained at 0.87eV. The Cls environment can
mostly be attributed to the carbon tape used, and the evaporation of the glue for sticking the samples to
the XPS-sample holder [96]. However, some differences do arise post-cycling, such as the formation of
the reduced species of lithium carbide.

Figure 4.8: Post-cycling - S2p, P2p, and Cls spectra, of a) - c) the polycrystalline NMC811, d) - f) the polycrystalline NMC811 with
3wt% carbon nanofibers, and g) - i) single-crystal NMC, Ni82, samples.

Looking at the S2p spectra of all three samples, the PSZ‘ doublets can be assigned to the LigPS5Cl
phase [8]. For the PC-NMC cell with CNFs, and the SC-NMC cell, a slight increase in the intensity of
oxidized species P-S-P (P,S,), and Sy, can be observed [12]. The SO, peak appears with a slightly higher
intensity; this may be an oxidation decomposition product and can be caused by oxygen contamination
during transportation of the samples for XPS measurements [97]. However, the oxygen-rich nature of the
active material of the cathode can be a source for the formation of SO, as well [4]. The observation of
the S2p spectra can be confirmed by comparing them with the P2p spectra. The increased intensity of
the P-S-P species is confirmed for the cells with CNFs. Another environment that can be observed is that
of oxidized phosphates. Next, reduced species, such as P/Li,PB, are detected in the same spectra as the
observed phosphorous. The presence of species caused by reduction and oxidation might suggest oxygen
contamination is a possibility. [94] In the Cls spectra, an increased amount of Lithium Carbide can be
observed, suggesting the consumption of Li-ions at the cathode. This is not observed in the sample with
single-crystal NMC.

With the use of XPS measurements on the sample with CNFs as conductive additive; it appears that
the capacity fade strongly correlates to the increased formation of sulfates/sulfites (SOx), polysulfides
(P2Sx), phosphates (POx), and lithium phosphate phases (P/Li,P) is apparent.
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4.1.5. Morphology Evolution Analysis with Scanning Electron Microscopy

(a) (b)
(c) (d)
(e) ®

Figure 4.9: Post-cycling SEM images of a) - b) PC-NMC, c) - d) PC-NMC with 3wt% Carbon Nanofibers, and e) - f) SC-NMC;
magnifications are 1,000x and 2,500x. All images were taken with BED and a 15kV acceleration voltage.

SEM is used to investigate the mechanical deformation of the cathode composite after 100 cycles at 0.2C,
as shown in figure 4.9. All images are of detected backscatter electrons, therefore looking slightly deeper
into the surface morphology of the cathode composites than using the secondary electron detector [24].
Here, the NMC particles appear lighter, due to their consistency of heavier elements, resulting in a bigger
nuclei and deflecting more electrons. Following the same logic, the lighter elements of the LPSC particles
deflect fewer electrons, thus appearing darker in the shown SEM images.
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The PC-NMC cell, fig. 4.9a) and b) show some fracture lines along the edges of the NMC particles; it
also seems that there is some contact loss between the NMC and the LPSC. Another notable feature of the
PC-NMC cell is the presence of many more minor, bright particles, which could be caused by the breakup
of primary NMC particles during pelletization. The SEM images of the PC-NMC with 3-CNE fig. 4.9¢c) and
d) show more particle cracking and some contact loss between the NMC and the LPSC. The cracked NMC
particles lose contact with the solid-electrolyte, which may be one of the reasons for the poor discharge
capacity after 100 cycles of cell with CNE Looking at the SC-NMC cell, fig. 4.9¢) and f), no particle cracking
and some slight contact loss can be detected.

The distribution difference between the material of the SC-NMC cell versus that of the PC-NMC cell
is more striking. Significantly more contact between the NMC particles is visible in the SC-NMC sam-
ple. Returning to the study of Minnmann et al. [6], the material distribution where more NMC particles
make contact could positively influence the percolation pathways, specifically for electronic conduction.
This may be one of the reasons for the greater initial capacity of the SC-NMC cell compared to the initial
capacity of the PC-NMC.
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4.2. Polymeric Interlayers for Polycrystalline NMC811

This subsection describes the effect of polymeric interlayers on the surface of polycrystalline NMC811, on
the cycling performance and the degradation of SSBs with argyrodite. The polymeric interlayers were ap-
plied to the polycrystalline NMC811 as described in section 3.2. The preparation of the cathode composite
and the cell assembly are explained in section 3.1 and 3.3, respectively. In the following sub-sections, the
prepared samples are referred to as PC-NMC, PC-NMC w/ 1-PDDA-TFSI, PC-NMC w/ 3-PDDA-TFSI, and
PC-NMC w/ 3-PDDA-TFSI Spray-Dried. The PC-NMC samples were prepared with a cathode composite
consisting of 70wt% of polycrystalline NMC811 particles and 30wt% argyrodite (LigPS5Cl). The cells PC-
NMC with 1-PDDA-TFSI, and PC-NMC with 3-PDDA-TFSI have the same 70:30 wt% ratio as the PC-NMC
sample, but the NMC particles used have been coated with 1wt%, and 3wt%, PDDA- TFSI, respectively,
using the microencapsulation method. The sample specified with spray-dried refers to the sample where
the NMC particles have been coated using the spray-drying process. This chapter starts with the analysis
of the applied polymeric protective coatings, followed by the study of the cycling performance of the cells,
and the investigation of the degradation mechanisms.

4.2.1. Surface Analysis of Polycrystalline NMC with Scanning Electron Microscopy

SEM images of coated polycrystalline NMC811 particles were taken, shown in figure 4.10. These images
were taken using the Secondary Electron Detector setting at a 1kV acceleration voltage. The purpose of
these pictures was to make a first assessment of the application of the PDDA-TFSI coatings. Here, 4.10a)
to c) are the images of the polycrystalline NMC811, with 1wt% of PDDA-TFSI, and d) to f) of PC-NMC
with 3wt% PDDA-TFSI. These coatings were applied using the microencapsulation application method.
The SEM images displayed in figure 4.10g) to i), were taken of the spray-dried coated polycrystalline NMC
particles. Magnifications range from 1,000x to 15,000x, to ensure the ability to assess the homogeneity of
the coating and the coating morphology on the particle’s surface.

(@) (b) (©
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Figure 4.10: SEM images of poly crystalline NMC811 with; a) - ¢), 1wt% PDDA-TFSI microencapsulated coating; d) - f), 3wt%
PDDA-TFSI microencapsulated coating, magnifications are 2,000x, 9,000, and 15,000x; g) - i), 3wt% PDDA-TFSI spray-dried
coating, magnifications are 1,000x, 7,000x and 10,000x. All images were taken with SED, and a 1kV acceleration Voltage.

The particles coated with the microencapsulation method display the formation of PDDA-TFSI par-
ticles on the surface of the NMC particles. The images can be compared to the uncoated polycrystalline
NMC particles displayed in figure 4.1. The PDDA-TFSI particles appear darker, relative to the lighter-
colored NMC particles. At the smallest magnification of 2.000x, figures 4.10a) and 4.10c), a broad range of
size differences of the precipitated PDDA-TFSI particles can be observed. At greater magnifications, fig-
ures 4.10d) and 4.10f), the PDDA-TFSI are seen on the surface of grainy morphology of the polycrystalline
NMC. However, besides the dark more obvious PDDA-TFSI particles, smaller dark spots can be spotted
on the surface of individual crystals of the polycrystalline structure. This might indicate that besides the
larger precipitated PDDA-TFSI particles, there is also the presence of a thinly coated PDDA-TFSI film.

For the images taken of the spray-dried NMC particles, PDDA-TFSI particles were not observed. At the
smallest magnification, figure 4.10g), the applied PDDA-TESI coating looks more uniform as the darker
spots observed in the other pictures can not be detected. Despite the coating looking more uniform,
observing the SSEM images with greater magnifications, figures 4.10h) and i), the coating completely
changed the morphology of the polycrystalline NMC particle. Where the granular morphology of the
polycrystalline structure could still be observed in the microencapsulated particles, the surface morphol-
ogy is smoother for the NMC particles that were spray-dried.

4.2.2. Electrochemical Cycling Performance

To study the performance of sulfide-based solid-state batteries with polymeric protective coatings, elec-
trochemical cycling is performed on polycrystalline NMC samples; PC-NMC, PC-NMC w/ 1-PDDA-TFSI,
PC-NMC w/ 3-PDDA-TFSI, and PC-NMC w/ 3-PDDA-TFSI Spray-Dried. The cycling protocol has been
left unchanged, with a C-rate of 0.05C for the first two cycles, after which the cells are cycled at 0.2C
for the remainder of the 100 cycles. The cycling performance is shown in figure 4.11, where the specific
discharge capacity (mAh/g) is represented on the left y-axis, the coulombic efficiency (%) on the right y-
axis, and the cycle numbers are displayed on the x-axis. The cell with a spray-dried polymeric protective
coating showed an initial capacity far below the uncoated cells, and it was decided to stop the 100 cycles
prematurely. For this reason, the cycling performance of this cell is not displayed in figure 4.11, but can be
found in the appendix B, figure B.1. The lower initial capacity was later assigned to silicon contamination
during the coating process; XPS measurements of the Si2p spectra of the spray-dried coated NMC powder
are shown in figure B.2.

The cycling performance of PC-NMC has been discussed in the previous section but will be briefly re-
peated for comparison with the polycrystalline NMC811 samples with 1wt% and 3wt% PDDA-TFSI. The
PC-NMC cell showed an initial discharge capacity of 129.7 mAh/g at the 3" discharge cycle, slightly bet-
ter than the discharge capacity of 123.5 mAh/g for the sample with 3wt% PDDA-TFSI, or the 118.9 mAh/g
for the cell with 1wt% PDDA-TFSI. The polymeric protective coating at the surface of the NMC811 parti-
cles decreases the initial discharge capacity of the cell. It was expected that the sample with the higher

47



4.2. Polymeric Interlayers for Polycrystalline NMC811 4. Results

[~
=1
=]

100

=

~

v
L

=)

<

g —_
(=]

S a0 &

) 87% g

‘U 125 ° c

g 0.2C 86% %

© reo &

(o] 4 G

. 1004 o | 82% =

o L

] o

2 75 rao £

& s

T 50 o

2 —e— PC-NMC 20 O

¥ 25{ —®— PC-NMC w/ 1-PDDA-TFSI

2 —e— PC-NMC w/ 3-PDDA-TFSI

0 T T T T — 0
0 20 40 60 80 100

Cycle number

Figure 4.11: Long-term cycling discharge capacity of lithium-indium alloy anode, LPSCI, and Pristine NMC, NMC with a 1wt% or
3wt% PDDA-TEFSI protective coating, at 0.05C for the first two cycles and 0.2C for following cycles. NMC active materials = 10 mg
cm™2. The 87% capacity retention refers to the first cycle at 0.2C.

weight percentage of the polymer during the coating process would have a thicker coating, therefore en-
countering a more substantial increase in interface resistance and the lowest initial discharge capacity.
However, the cycling performance data presented in figure 4.11 shows that the sample with only 1wt% of
PDDA-TFSI has a lower discharge capacity. Other analysis techniques, like electrochemical impedance
spectroscopy, might provide arguments for the unexpectedly better initial discharge capacity of the sam-
ple with 3wt% PDDA-TFSI compared to the one with 1wt% PDDA-TFSI.

Long-term cycling stability is an insight that can be drawn from capacity retention calculations. As
previously explained, the capacity retention was calculated by dividing the discharge capacity at cycle 100
by the discharge capacity at cycle 3. For the sample PC-NMC, the capacity retention at cycle 100 relative
to cycle number 3 is 82%; for the sample with 1wt% PDDA-TEFS]I, the capacity retention is 86%; and for the
sample with 3wt% PDDA-TFS], this is 87%. A slight improvement in capacity retention is observed for the
sample with polymeric interlayers.
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Figure 4.12: a) Charge-discharge voltage profile for pristine NMC NMC with a 1wt% or 3wt% PDDA-TFSI protective coating, at 0.2C
for the 3" d, 50" h, and the 100%" cycle. NMC active materials = 10 mg cm™2,

Figure 4.12 shows the charge and discharge curves for the 374, 50", and 100*" cycle of all three of
the investigated samples. The charge and discharge curves show that, for all of the samples, the capacity
fade of the batteries mainly occurs during the first 50 charge and discharge cycles. The PC-NMC sample
displays come with additional capacity deterioration for the 50 cycles that follow. The discharge seems to
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approach a stable system with negligible capacity fade for the other two samples, with a 1wt% and a 3wt%
PDDA-TFSI polymeric protective coating.

4.2.3. Resistance Evolution Monitoring with Electrochemical Impedance Spectroscopy

The cycling performance of the polycrystalline NMC811 cells with and without a PDDA-TFSI coating
showed slight differences in their initial capacity and minorly improved capacity retentions for the cells
with a polymeric protective layer. Using electrochemical impedance spectroscopy, pre- and post-cycling,
the aim is to understand the performance degradation with the impedance evolution.
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Figure 4.13: a) Nyquist plot for Pristine NMC, b) NMC coated with 1wt% PDDA-TFSI, and c) NMC coated with 3wt% PDDA-TFSI,
both pre-cycling and post-100th cycle. Frequency range between 10MHz and 1Hz.

Figure 4.13 shows the Nyquist plots of the samples: PC-NMC, PC-NMC with 1wt% PDDA-TFSI, and
3wt% PDDA-TFSI - pre-cycling, and post-cycling. Again, the EIS measurement protocol was sub-optimal
as the pre-cycling EIS measurements of the cell PC-NMC and PC-NMC w/ 3-PDDA-TFSI were taken at
the open circuit potential after assembly - roughly 1.3V. All post-cycling measurements were taken at a 3V
potential. For this, a direct comparison can be made complex and unreliable; a direct comparison of the
samples post-cycling is, however, still possible.

Similar to the EIS measurements in the previous subsection, the difficulty with EIS measurements and
extracting relevant data lies with the selection and fitting on an equivalent circuit. DRT analysis is carried
out to confirm that the equivalent circuit resembles assembled cells.
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Figure 4.14: DRT plots a) pre-cycling, and b) post-cycling, for PC-NMC, PC-NMC with a 1wt%, and a 3wt% PDDA-TFSI polymeric
protective coating.
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A distribution of relaxation times is performed and shown in figure 4.14. Pre-cycling (4.14a) a system
with three distinct peaks is observed, denoted with P;, P», and P3. The three peaks are located at different
positions on the x-axis, corresponding to different frequency regions. One distinct difference between the
P, peaks is the slowing angle observed in the sample with 1wt% PDDA-TFSI, which happens to be the
only EIS measurement taken at an OCP of 3V pre-cycling. This suggests a direct correlation between the
potential at which the EIS measurement was taken and the result DRT fit. Similar peaks can be identified
for the DRT curves of the impedance measurements post-cycling. Therefore, the exact equivalent circuit
is proposed in figure 4.6, with the corresponding description from table 4.1.
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Figure 4.15: Nyquist plot fitted to the proposed equivalent circuit, post-cycling, for PC-NMC, PC-NMC with a 1wt%, and a 3wt%
PDDA-TFSI polymeric protective coating.

Table 4.3: Interface resistances Ry, Ry, and Rz, post-cycling, for PC-NMC, PC-NMC with a 1wt%, and a 3wt% PDDA-TFSI polymeric
protective coating.

Sample Ri(©) Ro(©) R3(Q)
PC-NMC 31.076  30.183 198.79
PC-NMCw/ 1-PDDA-TFSI  28.012 67.175 186.84
PC-NMC w/ 3-PDDA-TFSI  44.382 75.308 184.48

The interface resistances R;, Rz, and Rz can be quantified by fitting the equivalent circuit to the
impedance measurements. In figure 4.15, the original data points of the EIS measurements are shown,
with the fitted curve as a line. This fit correlates the impedance data with the equivalent circuit, making
it possible to quantify the different interface resistances. The interface resistances Ry, Ry, and R3 can be
found in table 4.3. R;, the resistance related to the bulk resistance of the argyrodite, is approximately the
same for the polycrystalline NMC sample without any polymeric interlayers, as for the sample with a 1wt%
PDDA-TFSI coating. The sample with the 3wt% PDDA-TFSI coating has an estimated bulk resistance
greater than the other samples, indicating a potential issue with the SE pellet. The SE-separator/electrode
interface (Ry), is for the coated samples slightly more than double the resistance of the uncoated PC-NMC.
As these are the interface resistances post-cycling, the reason that the SE-separator/electrode interface
might be elevated can be caused by chemical instability of the interface, contact loss, or potentially the
insulating behavior of the polymeric coating. Looking at the interface where the influence of the poly-
meric coating might be biggest - the particle interface of the polycrystalline NMC and the argyrodite - the
interface resistance of the sample without a PDDA-TFSI coating is highest with Rz equal to roughly 199Q.
The R; of the samples with protective coatings is lower than that of the sample without a protective coat-
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ing, suggesting that the degradation mechanisms at a particle level - cathode-electrolyte interface (CEI)
formation and mechanical deformation - are passivated by the introduction of the PDDA-TFSI coating.

4.2.4. Chemical Stability Analysis with X-ray Photoelectron Spectroscopy

X-ray photoemission spectroscopy (XPS) has been carried out to examine the formation of a cathode-
electrolyte interface. The S2p, and P2p spectra of the XPS measurements for samples; PC-NMC, PC-NMC
with 1wt% PDDA-TFSI, and 3wt% PDDA-TESI, are shown in figure 4.16. Here figure 4.16a and b represent
sample PC-NMC, figure 4.16c and d, the sample with 1wt% PDDA-TFSI, and figure 4.16e and {, the sample
with 3wt% PDDA-TEFSI. In the S2p spectra, four distinct doubles are observed for PC-NMC, whereas five
doublets are observed for the cells with a protective coating. The red doublets representing the PSi‘, at
a binding energy of =160.5 eV. The green doublets corresponding to polysulfides, P»Sx or P-S-B, at =162
eV. Multiple compounds other than elemental sulfur are located in the binding energies of triphosphates.
Therefore, the simplified term "S," (blue doublets) is used at an intensity of =164 [94]. The purple dou-
blets at a binding energy of ~170eV, can be the oxidation product SO, [93]. For the cells with a PDDA-TFSI
polymeric protective coating, the doubles at a marginally lower binding energy of <169.5eV originate from
the TFSI™ [92]. The doublets at a binder energy of ~167.5eV might correspond to reduced TFSI [98]. No-
tably, a significantly higher fraction originating from the TFSI compound is observed in the sample with
3wt% PDDA-TFS], relative to sample 1-PDDA-TFSI. The doublets in the P2p spectra originate mainly from
similar compounds, PSi‘ at =131.5eV, and P-S-P at =133.5eV. Some reduced products can be observed at
around 130eV originating from P% or Li, P [95][94].

Figure 4.16: Post-cycling XPS measurements - S2p and P2p spectra, of a) - b) the polycrystalline NMC811, ¢) - d) the polycrystalline
NMC811 with a 1wt% PDDA-TFSI polymeric protective coating, and e) - f) with 3wt% PDDA-TFSI.

Logically, the peaks originating from the TFSI™ group in the cells with a greater fraction of PDDA-TFSI,
should have a greater peak intensity as well. Figure 4.16c), the polycrystalline NMC with 1wt% PDDA-TFSI
some intensity can be observed at the corresponding binding energy of <170eV [92]. For the sample with
3-PDDA-TFS], the intensity at the same binding energy is much greater, indicating a higher content of
TFSI™ and a successfully thicker applied PDDA-TFSI coating.
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For the solid-electrolyte, Argyrodite (LigPS5CL), the phase PSZ‘ is an expected compound. The in-
tensities originating from the polysulfides (green doublets) display a slightly increased intensity for the
sample with 1-PDDA-TFSI and a significantly increased intensity for the sample with 3-PDDA-TEFSI. The
P-S-P compounds, such as PZS‘%’, are compounds that can be formed during the mixing NMC particles
with the mortar and pestle [12]. However, the polysulfides are also a compound that increases in inten-
sity during charging of the cell; upon discharging of the cell, the P-S-P intensity is expected to decrease
and a signal $?~, and reduced Li,$ is expected [8][94]. Subsequently, with discharging the cell, increased
intensity of the reduced species P/Li,P signal in the P2p spectra is an observation in the study of Wang
et al. [94] - this is a compound similarly observed in the figure 4.16b, d, and f. For the uncoated poly-
crystalline NMCB811, a lower intensity of polysulfides is observed, and an increased intensity of the P/Li,P
compound. The sample with a 1wt% PDDA-TFSI coating, a slightly increased polysulfide content, and a
slightly decreased P/Li,P environment is measured. This effect is even more visible for the sample with
3wt% PDDA-TFSI, where the P/Li,P phases are negligible, and the polysulfides have a significant contri-
bution to the S2p spectra. The ratio of Polysulfide content to P/Li,P is in line with the observation of the
study of Wang et al. [94] and can be related to the state of charge of the battery. As the battery discharges,
LPS-like phases decompose into P/Li,P compounds. Subsequently, during charging cycles, the reduction
products are oxidized to LPS-like phases, such as polysulfides and Sy-like species.

4.2.5. Morphology Evolution Analysis with Scanning Electron Microscopy

(a) (b)

(© (@

Figure 4.17: SEM images of the cathode electrodes with; a) polycrystalline NMC811 before cycling b) PC-NMC after cycling c)
PC-NMC with 1wt% PDDA-TFSI after cycling, and d) PC-NMC with 3wt% PDDA-TFSI after cycling. All images were taken with
BED, and a 15kV or 10kV acceleration Voltage, with a magnifications of 2,000x, and 2,500x

SEM is used to study the evolution of the cathode morphology after 100 cycles at 0.2C, shown in fig-
ure 4.17. The uncoated, pristine, polycrystalline NMC cell (fig. 4.17a) is before cycling, and 4.17b) af-
ter cycling. Figure 4.17¢) and d) show the PC-NMC coated with 1-PDDA-TFESI and 3-PDDA-TFSI - both
post-cycling. The pristine PC-NMC cathode shows a significant contact loss between the NMC particles
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and the argyrodite solid-electrolyte, likely caused by the volume changes of the NMC during lithiation
and delitiation [6]. The cells with the 1-PDDA-TFSI and the 3-PDDA-TFSI coating display more retained
contact between the CAM and the SE. Additionally, the pristine NMC sample shows some fracture lines,
whereas this is limited in the 1-PDDA-TFSI and the 3-PDDA-TFSI samples. This suggests that the im-
proved capacity retention of the cells with a polymeric protective coating can be associated with improved
NMC/LgPS5Cl contact retention. This implies that the polymer protective coating has acted as a buffer
for volume changes due to its elastomeric properties [16].

4.2.6. Microstrain Analysis with X-ray Diffraction

As discussed in the previous section, the polymer protective coating might have acted as a buffer layer for
volume expansion, to reduce the contact loss between the NMC particles and the solid-electrolyte. How-
ever, there is still the issue of particle cracking which also leads to contact loss in the cathode electrode
[6]. XRD measurements were performed on the polycrystalline NMC powder, pristine, and with 1wt%
and 3wt% PDDA-TFSI coatings. Post-cycling XRD measurements of the cathode electrode were taken af-
ter 100 cycles. Particle cracking can change the lattice parameters of the NMC crystals, which causes peak
shift and peak broadening in the XRD patterns [99]. All following XRD patterns have been refined using
the Pawley refinement method. The observed, calculated, and the difference between the two is shown in
figure B.4 of the supplementary material.
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Figure 4.18: XRD patterns of polycrystalline NMC powder, uncoated, and with 1wt% and 3 wt% PDDA-TFSI coatings. Inset axis of
(003) peak intensity.

Figure 4.18 shows the XRD pattern of the NMC811 powders, uncoated and coated with PDDA-TFSI.
The pattern displays a series of peaks in conformity with the 003, 101, 006, 102, 104, 105, 107, 108, 110,
and 113 peaks, which are part of the indexed hexagonal structure of the R-3m spacegroup. Here, the
003 plane can be studied to investigate the evolution of the ¢ parameter, and the 101 and 110 planes to
study the lattice parameters a and b [100]. After the application of a polymeric coating, a slight peak shift
to the right (higher 26) can be observed for the PC-NMC powder with a 1wt% PDDA-TFS], indicative of
a contraction along the c direction. No peak shift is observed for the powder with a 3wt% PDDA-TFSI
coating.
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Figure 4.19: Pre-cycling, and post-cycling XRD patterns of a) polycrystalline NMC811, b) polycrystalline NMC with 1wt%
PDDA-TEFS], and c) polycrystalline NMC with 3wt% PDDA-TFSI.

The XRD patterns of the polycrystalline NMC powders pre-cycling, and the cathode samples after 100
cycles are shown in figure 4.19. Additional peaks can be observed in the post-cycling cathode samples;
these can be assigned to the F-43m spacegroup of the argyrodite solid-electrolyte. Using Pawley refine-
ment, the lattice parameters were convoluted from the XRD patterns, and an estimation of the expansion
of the lattice parameters could be made by comparing polycrystalline NMC crystal structures before and
after cycling. The lattice parameters are listed in table 4.4; one can rapidly observe that all samples display
an expansion along the c¢ direction and a contraction of the lattice parameters a and b - after 100 cycles.
All samples showed a similar expansion and contraction of the NMC lattice parameters, suggesting the
PDDA-TFSI coating had a negligible effect on the microstrain experienced by the SSBs.

Table 4.4: Pre-, and post-cycling lattice parameters of polycrystalline NMC, pristine, and coated with 1wt% and 3wt% PDDA-TFSL

Sample a bl c(A)

PC-NMC pre-cycling 2.8725  14.2089
PC-NMC post-cycling 2.8609 14.2736
Difference -0.0116  +0.0647
PC-NMC w/ 1-PDDA-TFSI pre-cycling 2.8722  14.2049
PC-NMC w/ 1-PDDA-TFSI post-cycling  2.8607  14.2643
Difference -0.0115 +0.0594
PC-NMC w/ 3-PDDA-TFSI pre-cycling 2.8727  14.2080
PC-NMC w/ 3-PDDA-TFSI post-cycling  2.8609  14.2732
Difference -0.0118 +0.0652
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4.3. Polymeric Interlayers for Single-crystal NMC

This subsection investigates the effect of polymeric interlayers on the surface of single-crystal NMC,
Ni82, on the cycling performance, the effect on the chemical and mechanical stability of the SSBs. The
polymer used is a polymerized ionic liquid, namely PDDA-TFSI, and as applied as described in section
3.2. In the following subsection, the prepared samples are referred to as SC-NMC, SC-NMC w/ 1-PDDA-
TFSI, and SC-NMC w/ 2-PDDA-(Li)TFSI. The SC-NMC cell, which has also been discussed in section
4.1, has been prepared with a cathodecomposite consisting of 70wt% single-crystal NMC, and 30wt%
argyrodite. The cells sc-NMC with 1-PDDA-TFSI, and SC-NMC with 2-PDDA-(Li)TFSI have the same
70:30 wt% ratio as the pristine SC-NMC sample, but the NMC particles used have both been coated with
1wt% PDDA-TFESI. However, the one denoted with 2-PDDA-(Li)TFSI has an additional 1wt% of Lithium
bis(trifluoromethanesulfonyl)imide (LiTFSI) in its polymeric coating. Again, two cells were made of each
variation to reduce the chance of results with significant outlying data. This subsection starts with the
analysis of the applied coatings, followed by a section on the electrochemical cycling performance of the
cells. After the performance is examined, the evolution of interfacial resistances is tested with EIS mea-
surements, followed by a study on chemical stability using XPS measurements. This subsection ends with
the examination of the mechanical stability, a comparison of SEM images of the cathode composites, and
an analysis of the microstrain using XRD measurements.

4.3.1. Surface Analysis of Single-crystal NMC with Polymeric Coatings

To examine the polymeric coating on the surface of the single-crystal NMC, SEM, XPS, and TEM, mea-
surements were taken, shown in figures 4.20, 4.21, and 4.22, respectively. SEM images were taken at an
acceleration voltage of 1kV. Figure 4.20a) and b) show the images of pristine single-crystal NMC at a 2,000x
and 10,000x magnification, figure 4.20c) and d) display single-crystal NMC coated with 1-PDDA-TFSI at
magnifications 4,000x and 15,000x, and figure 4.20e) and f) show the images taken of single-crystal NMC
coated with 2-PDDA-(Li)TFSI at 2,500x and 10,000x.

(a) (b)
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Figure 4.20: SEM images of a) - b) single-crystal NMC Ni82 at 2,000x, and 10,000x, c) - d) single crystal NMC with 1-PDDA-TFSI at
4,000x and 15,000x, and e) - f) single crystal NMC with 2-PDDA-(Li) TFSI. All images were taken with SED, and a 1kV acceleration
Voltage.

The pristine, uncoated, single-crystal NMC particles show a smooth surface with limited impurities.
The single-crystal NMC particles coated with wt% PDDA-TESI display darker spots at the surface of the
particle, indicating the polymer has collapsed on the NMC surface. Figure 4.20c) shows that not all parti-
cles have equally as many dark spots; however, this might be due to the height differences of the particles.
Figure 4.20d) displays a single conglomerate of particles, and it can be observed that the polymer might
not have precipitated homogeneously. Regardless, the polymer could still cover the complete surface of
the particles, as the dark spots are observed throughout. For the images taken with 2-PDDA—(Li)TFSI,
similar dark spots can be observed as in the sample with 1-PDDA-TFSI. However, the spots seem to be
smaller and spread more evenly over the surface of the particles. This might suggest a more homogenous
coverage of the polymeric coating. To ensure that the observed coating actually consists of the elements
of the polymerized ionic liquid (PDDA-TFSI), XPS measurements were taken of the pristine single-crystal
NMC powder, and the powders with microencapsulation with the PDDA-TFSI, shown in figure 4.21.
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Figure 4.21: XPS measurements of F1s, N1s, and S2p spectra of the cathode composites; a) - ¢) SC-NMC, d) - f) SC-NMC with
1-PDDA-TES]I, and g) - i) SC-NMC with 2-PDDA- (Li) TFSI.

Figure 4.21 shows the XPS measurements of the F1s, N1s, and S2p spectra of the cathode composites
of the samples; SC-NMC (fig. 4.21a - c¢), SC-NMC w/ 1-PDDA-TFSI (fig. 4.21d -f), and SC-NMC w/ 2-
PDDA-(Li)TFSI (fig. 4.21g - i). In the Fl1s spectra, two distinct peaks can be identified at =689eV and
~685eV. For the N1s spectra, two peaks arise at roughly 402.5eV and 399eV. The identified peaks in the F1s
spectra, and the N1s spectra were not observed for the pristine cathode composite. In the S2p spectra,
again, the red doublets at =<161eV are observed - which is the PSi‘ originating from the argyrodite. As
well as the green doublets at around 162eV, associated with P-S-P - a compound which is formed during
the mixing of NMC with LPSC [12]. Furthermore, at a binding energy of ~169eV, magenta doublets are
identified originating from TFSI™ [92].

For the samples 1-PDDA-TFSI and the 2-PDDA-(Li)TFSI samples, the peak at ~402.5eV is the C-F
(CF3) component, originating from the TFSI™. The CF; component of TFSI™ can be seen in the chemical
structure representation in figure 2.21 by Del Olmo et al. [18]. The other peak observed in the F1s spectra
most likely originates from a LiF compound (=399eV) which can be present due to ionic liquid degrada-
tion [92] [101]. In the N1s spectra, the peak at ~689eV corresponds to the N* element, originating from
the cationic PDDA. Moreover, a peak at =685eV might also be caused by ionic liquid degradation and can
be assigned to the compound nitrogen in the TFSI™ [102]. Lastly, as seen similarly in the S2p spectra of
polycrystalline NMC samples of the precious section, the purple doublets at =169¢eV in figures 4.21f) and
g), also originate from TFSI”. The absence of these intensities in the pristine single-crystal composite,
and the presence of the mentioned compounds in the coated NMC composites, suggests that the coating
process was successful. The fraction of TFSI™ in the S2p spectra might indicate that more polymeric ionic
liquid has precipitated on the 1-PDDA-TFSI sample.
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Figure 4.22: Structural characterization and elemental distribution of PDDA-TFSI on Single-crystal NMC, Ni82. a) TEM, b) STEM
elemental mapping of S, and Co, and ¢) HAADE and STEM elemental mapping of Ni, Mn, Co, E S, and N.

For the Titan TEM results, we acknowledge support from the Kavli Institute of Nanoscience, Delft
University of Technology, and the Netherlands Electron Microscopy Infrastructure (NEMI), project number
184.034.014, part of the National Roadmap and financed by the Dutch Research Council (NWO).

Transmission Electron Microscopy (TEM) was used to study the thickness, morphology, and elemen-
tal distribution of the 1wt% PDDA-TFESI coating - 1wt% PDDA-TFSI is the weight percentage of polymer
relative to CAM during the microencapsulation procedure for both of the coated samples. The surface
of the single-crystal NMC particle is shown to be encapsulated by a PDDA-TFSI coating, with a thickness
ranging from 5 to 20 nanometers (figure 4.22a). Figure 4.22b shows a TEM image of a PDDA-TFSI particle,
where the coating appears to be thicker in some areas - such as on the left side of the particle. However,
looking at the Secondary Transmission Electron Microscopy (STEM) image on the right, the Sulfur and
Cobalt at% map shows a more uniformly distributed image of the PDDA-TFSI coating. Cobalt is mostly
seen in the bulk of the particle, and sulfur is only at the surface of the particle. Moreover, the High-Angle
Annular Dark-Field (HAADF) image and the corresponding Energy Density X-ray spectroscopy (EDX) re-
veal a uniform distribution of E S, and N elements on the particle surface (figure 4.22c).

SEM images of uncoated single-crystal NMC and coated NMC presented the comparison of the smooth,
spotless surface of the pristine NMC - whereas the coated NMC particles had darker spots on their sur-
face. This was followed by an XPS analysis, which clearly indicated the presence of the CF3, and the N*,
components originating from the polymer, which were present at the surface of the 1-PDDA-TFSI and
2-PDDA- (Li)TFSI cathode active material. The SEM images, and the XPS analysis, provided evidence for
the presence of a coating, but gave limited information on the homogeneity of the polymeric coating. The
structural characterization and elemental distribution provided by the TEM images suggest the particles
are mostly covered with the polymer, but the thickness of the coating might deviate slightly.
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4.3.2. Electrochemical Cycling Performance
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Figure 4.23: Long-term cycling discharge capacity of lithium-indium alloy anode, LPSC], and single-crystal NMC (Ni82), NMC with

a 1wt% PDDA-TFSI, and NMC with 2wt% PDDA-(Li) TFS]I, at 0.05C for the first cycle and 0.2C for following cycles. NMC active

materials = 10 mg cm ™2,

Galvanostatic cycling was performed to investigate the performance of the solid-state batteries with single
crystal NMC with polymeric coatings; pristine SC-NMC, SC-NMC w/ 1-PDDA-TFSI, and SC-NMC w/ 2-
PDDA-(Li)TFSI. The cycling protocol has been slightly changed; here, only the first cycle is at a C-rate
of 0.05C followed by cycles at a C-rate of 0.2C up to 100 cycles. The cycling performance is shown in
figure 4.23. The capacity of the first cycle, at 0.05C, is comparable for all samples with an initial capacity
of 171.7 mAh/g, 169.9mAh/g, and 172.0mAh/g, for SC-NMC, pristine, with 1-PDDA-TFSI, and 2-PDDA-
(Li)TFSI, respectively. Here the initial capacity of the sample with a lithiated coating is highest, followed
by the uncoated sample and the sample coated with 1-PDDA-TFSI. For the second cycle, at a C-rate of
0.2C, the discharge capacity starts to deviate per sample variation. The 2*¢ cycle discharge capacity of
2-PDDA- (Li)TFSI is again the highest with 155.2 mAh/g, and the second highest is the pristine SC-NMC
with 144.9 mAh/g. The lowest discharge capacity in the second cycle was 137.3mAh/g for the cell with
a 1-PDDA-TFSI coating. The capacity retention is calculated by dividing the discharge capacity of the
100%" cycle over that of the 2”4 cycle. The capacity retention of the sample with 2-PDDA-(Li)TFSI and 1-
PDDA-TFSI are similar at about 94%, and 95%, respectively. However, the difference is that the 2-PDDA-
(Li)TFSI coating significantly improves the initial capacity, whereas the 1-PDDA-TFSI coating reduces the
initial capacity. The capacity retention of the pristine single-crystal NMC is only ~84%. The 1-PDDA-TFSI
and the 2-PDDA-(Li) TFSI significantly improve the capacity retention of single-crystal NMC. Alongside
improved capacity retention, the SSB with 2-PDDA-(Li)TFSI achieved a higher initial capacity of 155.1
mAh/g at a rate of 0.2C. After 100 cycles, another measurement at 0.05C was taken; compared with the
first cycle at 0.05C, the sample with 1-PDDA-TFSI showed capacity retention of 96%, and the sample with
2-PDDA- (Li)TFSI an exceptional capacity retention of 99%. The additional cycles are shown in figure C.1,
in appendix C.
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Figure 4.24: Charge-discharge voltage profile for a) SC-NMC, b) SC-NMC with 1wt% PDDA-TFSI, and c¢) SC-NMC with 2wt%
PDDA-(Li)TFS]I, at 0.2C for the 3" d, 50”’, and the 100%" cycle. Cathode active materials = 10 mg cm~2,

Figure 4.24 shows the charge and discharge curves for the 374, 50" and 100*" cycle of the sample

variations. For the sample with pristine SC-NMC, most capacity deterioration occurs in the first 50 cycles.
With polymeric protective coatings 1-PDDA-TFSI and 2-PDDA-(Li)TFS], a slightly higher capacity fade
can be detected for the first 50 cycles, slowly heading towards a stable system with negligible capacity
fade over the last 50 cycles.

4.3.3. Resistance Evolution Monitoring with Electrochemical Impedance Spectroscopy

The cycling performance of the single-crystal NMC cells displayed clear differences in initial capacity and
capacity retention. EIS has been carried out to assess the resistance evolution of interfaces within the
solid-state batteries.
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Figure 4.25: a) Nyquist plot for Pristine single-crystal NMC, b) SC-NMC coated with 1wt% PDDA-TESI, and c) SC-NMC coated with
2wt% PDDA-(Li) TFSI, both pre-cycling and post-100th cycle.

Figure 4.25 shows the Nyquist plots of the samples: SC-NMC, SC-NMC with 1wt% PDDA-TFSI, and
2wt% PDDA- (Li) TFSI, pre- and post-cycling. All EIS measurements were taken at a potential of 3.0V, and
a frequency range between 10Mhz and 0.1Hz. The exact voltages at the moment impedance measure-
ments at listed in table C.1, in the appendix. Similar to previous sections, a DRT analysis has been carried
out to find an equivalent circuit. Figure C.2, in the supplementary materials, shows the DRT curves were
constructed using the EIS data as displayed above. The equivalent circuit for fitting the EIS measurements
has remained unchanged. The equivalent circuit is shown in figure 4.6, with annotations in table 4.1.
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Figure 4.26: Nyquist plots of EIS data fitted to equivalent circuit; a) pre-cycling,a nd b) post-cycling, of samples SC-NMC, SC-NMC
with 1wt% PDDA-TFSI, and 2wt% PDDA- (Li) TFSIL.

Table 4.5: Interface resistances pre-, and post-cycling, of Ry, R, and Rz, for the samples SC-NMC, SC-NMC with 1wt% PDDA-TFSI,
and SC-NMC with 2wt% PDDA- (Li) TFSI.

Sample Pre-cycling Post-cycling

R; () R2(Q)  R3(Q) R1(Q) R2(©)  Rs(©))
SC-NMC 24.874 27.874 261.71 24.198 95.889 462.66
SC-NMC w/ 1-PDDA-TFSI 28.569 18.234  240.03 29.891 7.497 2672

SC-NMC w/ 2-PDDA-(Li)TFSI 24.209 10.93  204.63 36.625 6.3702 195.99

The fit of the equivalent to the impedance measurements, pre- and post-cycling, are shown in figure
4.26. Here, the original data points are shown, with the fitted curve as a line. The interface resistances Ry,
Ry, and R; were determined using the newly fitted impedance data with the use of the RelaxIS 3 software.
The interface resistances are listed in table 4.5, where: R; corresponds to the bulk resistance, , Ry refers to
the SE-pellet/electrode interface, and Rs to the NMC/LPSC particle interface resistance [47].

The cell with the lithium salt integrated into the polymeric coatings shows the lowest interface re-
sistances, pre-cycling. The cycling performance of the batteries showed that the sample with 1-PDDA-
TFSI had the lowest initial discharge capacity and the cell with 2-PDDA-(Li)TFSI was the highest. The
impedance data confirms the findings in the cycling performance results - as the sample with the lowest
interface resistances is expected to have the highest discharge capacity. Post-cycling, the interface resis-
tances for the uncoated single-crystal NMC have increased significantly, where the SE-pellet/electrode
resistance (Ry) is almost fourfold its value pre-cycling, and the NMC/LPSC interface resistance (R3) al-
most doubled. The increase of cell resistances is in line with the capacity fade the cell displayed during
electrochemical cycling. The NMC/LPSC interface resistance (Rs) of the sample with 1-PDDA-TFSI is only
slightly higher than it was pre-cycling. Again, the cell with the lowest R3 interface resistances is the cell
coated with 2-PDDA- (Li) TFSL

The impedance spectra for the sample without polymeric coatings show a significant increase in the
NMC/LPSC interface resistance, which might be caused by the formation of a CEI, or cathode electrolyte
interface. The elevated NMC/LPSC particle interface resistance (Ry) of the sample with a 1-PDDA-TFSI
polymeric coating might indicate some form of contact loss of electrodes, but could also indicate decom-
position elements at the NMC/LPSC interface. The sample with the 2-PDDA- (Li) TFSI polymeric coatings
showed the highest capacity retention (=95%) and showed negligible differences in pre-cycling and post-
cycling interface resistances.
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4.3.4. Chemical Stability Analysis with X-ray Photoelectron Spectroscopy

To investigate the effect of the polymer coating on the chemical stability, XPS measurements of the com-
posite cathodes were taken after cycling. In figure 4.27 the S2p and P2p spectra are shown for the sam-
ples; SC-NMC, SC-NMC with 1-PDDA-TFSI, and SC-NMC with 2-PDDA-(Li)TFSI. XPS measurements
were taken after cycling at roughly 3.0V, corresponding to about 3.6V vs Li* /Li. A Shirley background was
used for line fitting, and the spectra were normalized for their maximum signal intensity to compare the
relative contribution of the different compounds. The S2p spectra have closely spaced out spin-orbitals
(A=1.16eV) [92], and for all cells, four doublets were observed. The main component is detected at a
binding energy of ~161.3eV, corresponding to the PS,3~ formation of the LigPS5Cl. Oxygized species were
detected at roughly 162.5eV and 163.5eV corresponding to the P-S-P (P,S,) and Sy, respectively. Sy is a
simplified term used for multiple compounds, including elemental sulfur, that can be responsible for the
intensity at that specific binding energy of ~163.5eV [94]. Additionally, oxidized sulfates were detected
in the uncoated sample at =169.0eV. The intensity at the same binding energy for coated samples cor-
responds to the units of TFSI [92]. Similarly to the S2p spectra, the P2p spectra also display spaced out
spin orbitals, A=0.87eV. Here, the same compounds were detected, namely; PS43~ at round 131eV, and
polysulfides at approximately 132.5eV.

Figure 4.27: Post-cycling XPS measurements- S2p and P2p spectra, of a) - b) single-crystal NMC, c) - d) single-crystal NMC with a
1wt% PDDA-TFSI polymeric protective coating, and e) - f) with 2wt% PDDA-(Li) TFSI.

For all composite cathodes, electrochemical cycling has increased the intensities of oxidized species
in the S2p spectra. In the case of uncoated NMC, the intensity of the oxidized species was slightly greater
than for the samples coated with PDDA-TFSI. In addition, sulfates were detected in the uncoated sam-
ple, which is another compound related to the degradation in sulfide-based SSBs. Reduced TFSI species,
TFSI™, were detected for the SSB cells with a PDDA-TFSI coating. In the P2p spectra, a similar ratio of
PS43~ to P-S-P was detected as in the S2p spectra for all cells. The average signal position for the polysul-
fides shows slight deviations per cell, which is a result of the average chain length of the number of sulfite
atoms, P-[S,]-PB in the polysulfides [12]. Assumed is a signal shift towards higher binding energies with in-
creasing n, which is observed in the uncoated SC-NMC composite cathode. Overall, it was observed that
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the fraction of oxidized decomposition products, relative to the PS>~ species assigned to the argyrodite
phase, was greater for the uncoated cells than for the PDDA-TFSI coated SSB cells. Therefore, the poly-
meric coating on single-crystal NMC prevented increased decomposition of the LigPS5Cl solid-electrolyte
at the interfaces of the composite cathodes.

4.3.5. Morphology Evolution Analysis with Scanning Electron Microscopy

(@) (b)

(0 (d)

Figure 4.28: SEM images of the cathode electrodes with; a) SC-NMC before cycling b) SC-NMC after cycling ¢) SC-NMC with
1-PDDA-TESI after cycling, and d) SC-NMC with 2-PDDA- (Li)TFSI after cycling. All images were taken with BED, and a 15kV
acceleration voltage, with a magnification of 2,500x. Yellow circles indicate the contact loss after cycling for uncoated SC-NMC.

The morphology evolution was studied using SEM images of the SC-NMC cathode before cycling, figure
4.28a, and after cycling of SC-NMC with 1-PDDA-TFSI and 2-PDDA- (Li)TFSI, figures 4.28b, c, and d, re-
spectively. For all images, an acceleration voltage of 15kV, and a magnification of 2,500x, was applied.
Before cycling, some voids between the NMC particles and the LPSC of the uncoated SC-NMC cathode
were observed. Alongside the observed smaller voids, more severe contact loss inside the cathode was
seen after cycling. The yellow circles indicate the areas with significant contact loss. After cycling the
SSBs with a 1-PDDA-TFSI and 2-PDDA-(Li)TFSI, the contact between the particles was observed to be
maintained. The limited number of visible voids of the post-cycled samples compared to the pre-cycled
SC-NMC sample, indicated that initial particle contact might have been improved by the polymeric coat-
ing as well. To summarize, the investigated SEM images showed two distinct paths of improved contact
between the NMC and the SE with the introduction of a polymeric protective coating. These paths sug-
gest i) improved particle contact before cycling and ii) increased contact retention due to the polymeric
coating’s volume buffering capacity during the lithiation and delithiation of the NMC particles.
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4.3.6. Microstrain Analysis with X-ray Diffraction
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Figure 4.29: Pre-cycling, and post-cycling XRD patterns of a) single-crystal NMC, b) single-crystal NMC with 1wt% PDDA-TFSI.

The XRD patterns pre- and post-cycling, of single-crystal NMC, and single-crystal NMC with a PDDA-TFSI
polymeric coating are displayed in figure 4.29. These samples were selected to investigate the evolution of
the microstructure of the NMC particles, and the effect of the polymeric coating. Similarly to previously
shown XRD patterns of NMC cathode active material, the characteristic peaks 003, 101, and 110 at roughly
18.8°, 36.6°, and 64.8° [100], correlating to the R-3m spacegroup. These peaks were used to study the
evolution of the lattice parameters a, b, and c. The raw data was refined using Pawley refinement, which
is a method often used as a precursor to Rietveld refinement and can give an indicative 'best fit possible’,
as well as a direct method to extract intensities and lattice parameters [103]. The observed, calculated,
and the difference between the two is shown in figure C.4 of the supplementary materials. The calculated
lattice parameters of the pristine single-crystal NMC, and the PDDA-TFSI coated sample are given in table
4.6.

Table 4.6: Pre-, and post-cycling lattice parameters of pristine single-crystal NMC, coated with 1 wt% PDDA-TFSL.

Sample a, bA) cX)

SC-NMC pre-cycling 2.8726  14.1909
SC-NMC post-cycling 2.8558  14.2867
Difference -0.168  +0.0958

SC-NMC w/ 1-PDDA-TFSI pre-cycling 2.8725 14.2089
SC-NMC w/ 1-PDDA-TEFSI post-cycling  2.8627  14.2540
Difference -0.0098 +0.0451

With the calculated lattice parameters, using Pawley refinement, the pre- and post-cycling lattice
spacing was determined. Pre-cycling, the lattice parameters a, and b, for the NMC with and without a
polymeric coating, were roughly the same at ~2.873 A. The lattice parameter c, displayed higher values
for the sample with the polymeric coating of around 14.209 A, compared to ~14.191 A for the sample with-
out the the coating. During cycling, the lattice parameters are expected to display some form of expansion
or contraction due to the constant lithiation and delithiation of the NMC particle [6], resulting in a defor-
mation of the microstructure of the particle. The refined results showed a slightly greater (003) peak shift
for the uncoated SC-NMC, as well as slightly increased peak broadening (figure C.5), associated with the
presence of microstrain on the uncoated NMC [99]. Looking at the differences in the lattice parameters
before cycling versus after cycling, we can see the lattice parameters of the uncoated single-crystal NMC
have changed more relative to the PDDA-TFSI coated sample, by a factor 2. This suggests that the poly-
meric interlayers at the surface of the NMC acted as a buffer for the micro-stresses experienced by the
cathode active material and reduced the microstrain of the NMC particles.
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The introduction of carbon nanofibers into the cathode composition with polycrystalline NMC had a
detrimental impact on the performance of the SSBs with LPSC, shown in figure 4.2. For one, the initial
discharge capacity of the cell was significantly worse for the cell with CNE compared to the cell without
any CNE Here, the results do not align with a study performed by Walther et al. [12], where the initial
capacity was improved by introducing vapor-grown carbon fibers. It has to be pointed out that carbon
nanofibers and vapor-grown carbon fibers are not the same. Improper storage of the carbon nanofibers
can increase the moisture contact of the material and sabotage the premise of improved electronic con-
duction pathways for improved active materials utilization. For another, the capacity retention of this cell
was lowest with only =68% after 100 cycles. This is in accordance with the findings in the study by Walther
et al. [12]. With the use of XPS measurements, the capacity fade can be associated with the increased for-
mation of sulfates/sulfites (SO,), polysulfides (P,S,), phosphates (PO,), and lithium phosphate phases
(P/LixP).

In the same results section, polycrystalline NMC and single-crystal NMC were compared. Regarding
initial discharge capacity and capacity retention, the electrochemical performance of single-crystal NMC
outperformed that of polycrystalline NMC (figure 4.2). To analyze this outperformance, EIS measure-
ments were taken to study the evolution of interfacial resistances. However, as measurement procedures
had not yet been optimized, pre-cycling voltages for EIS measurements varied too much for a fair compar-
ison. This is an issue returning for the polycrystalline NMC samples with polymeric interlayers. Moreover,
the frequency ranges were different, making a comparison after cycling difficult.

Two methods were applied for the polymeric coating on polycrystalline NMC: spray-drying and mi-
croencapsulation. The cell created with a spray-dried coated NMC had a deficient discharge capacity,
shown in figure B.1. In the study by Shi et al. [20], a uniform polymeric coating was obtained via a spray-
drying process, which was shown to stabilize the interface between NMC and LPSC. Here, single-crystal
NMC with a particle size of =3-5um was coated. This study used polycrystalline NMC with a particle size
of =10-13um, which might have blocked the nozzle of the spray-drying installation, hindering the forma-
tion of a uniform polymeric coating. Moreover, the installation had a standard inlet tube incompatible
with the solvent (acetone) used. XPS measurements of coated NMC powder showed a significant inten-
sity in the Si2p spectra (figure B.2), concluding that cross-contamination had occurred. The presence of
silicon on the surface of the NMC particles was the reason for believing that the interface resistance had
increased, such that the initial discharge capacity was exceptionally low.

The study by Shi et al. [20] showed that the initial capacity of the cell with a polymeric coating was
lower than that of the cells with pristine NMC. It showed that the cell with the highest polymer content
had the lowest initial capacity, followed by the sample with a smaller polymer fraction. Similarly, in this
study, the batteries with pristine polycrystalline NMC had a higher initial capacity than the coated cells
(figure 4.11), which is in line with the study from Shi et al. [20]. However, the 3wt% PDDA-TFSI coated
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NMC had a slightly higher initial capacity compared to the cells with 1wt% PDDA-TFSI coated NMC. Post-
cycling XPS measurements (figure 4.16) showed a greater fraction of TFSI™ is present in the sample with
3wt% PDDA-TFSI, meaning that indeed more polymer was coated on the 3wt% coated NMC, relative
to the 1wt% coated NMC. However, this does not give any conclusive evidence of the uniformity of the
coating. The unexpected initial capacity differences can be caused by a non-uniform coating application
during the microencapsulation coating process.

Diffraction patterns suggested that the polymeric interlayer in single-crystal NMC acted as a micro-
stress buffer, reducing the microstrain on the NMC particles. A study by Wu et al. [104] shows that the
value of the lattice parameters is a function of the lithiation state of the NMC particles. Here, lattice a ex-
periences contraction, and lattice ¢ expansion during charging, or delithiation of the cathode. Moreover,
during discharging, or lithiation of the cathode, lattice a experiences expansion, and lattice c contraction.
However, the samples that had undergone XRD measurements had a similar OCP of around 3V (exact
values can be found in table C.1). Therefore, it can be ruled out that the lattice parameters’ values result
from the state-of-charge of the cathode, and the evolution of the lattice parameters most likely causes the
microstrain of the single-crystal NMC particles.
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Conclusions and Recommendations

6.1. Conclusions

This study investigated the effects of polymeric interlayers, in sulfide-based solid-state batteries, on the
cathode/solid-electrolyte interface to mitigate contact loss and chemical decomposition, and elevate the
cycle stability. The electrochemical performance and the degradation pathways of the NMC/SE interface
were studied using galvanostatic cycling, electrochemical impedance spectroscopy, secondary electron
microscopy, x-ray photoemission spectroscopy, and x-ray diffraction measurements. Additionally, this
study investigated the effects of carbon nanofibers as a conductive additive in the cathode composite
mix with polycrystalline NMC and argyrodite. The research questions formulated in the introduction are
addressed below.

The influence of the conductive additive carbon nanofibers on the cycling performance and the cy-
cle stability in polycrystalline LiNig gMng ;Cog 102 was investigated. Galvanostatic cycling revealed that
CNF reduced the initial capacity, and significantly decreased the capacity retention of the SSB cells. EIS
measurements before cycling showed that the charge transfer resistance between NMC and LPSC parti-
cles was increased considerably with the introduction of CNF in the composite cathodes, underlining the
reduced initial capacity. This outcome provides reasoning to think that the CNFs obstructed lithium ion
conduction, which is detrimental to the SSB capacity. XPS measurements showed that chemical degrada-
tion played a significant role in the capacity fade of the cells. The observed capacity fade was associated
with the formation of decomposition elements sulfates/sulfites (SO,), polysulfides (P,S,), phosphates
(POy), and lithium phosphate phases (P/Li,P), which were detected on the cathode using XPS. To summa-
rize, the results showed that CNFs increased capacity deterioration without improving the initial capacity
of the cathode for the first cycles.

The effect of a poly(diallyldimethylammonium)-bis(trifluoro- methanesulfonyl)imide coating on poly-
crystalline NMC811 was tested and showed slightly improved capacity retention. The polymer coating
was applied with two methods: i) spray drying, and ii) microencapsulation. Microencapsulation proved
to be alab-scale method that produced a polymer coating with improved long-term cycling performance
compared to uncoated NMC. Impedance data showed that the NMC/LPSC particle interface resistance
was lower for the samples with a PDDA-TFSI coating than the uncoated NMC. In addition, the PDDA-TFSI
coating effectively suppressed the formation of sulfates and significantly reduced the extent of contact
loss between particles.

The PDDA-TFSI polymer coating on single-crystal NMC showed greater capacity retention, and with
the addition of LiTFSI in the polymer, active mass utilization improved compared to SSBs with uncoated
NMC. SEM, XPS, and TEM measurements showed that by adding 1wt% of PDDA-TFSI, the microencapsu-
lation method created a coating of 5 nm to 20 nm thickness around most of the NMC. EIS measurements
showed minimal resistance evolution across grain boundaries in the cathode for the polymer-coated sam-
ples, compared to a severe resistance increase for uncoated NMC. XPS, after cycling, showed the polymer
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coating effectively suppressed the formation of oxidized species and confirmed the chemical passivation
of the NMC/SE interface. Furthermore, the polymer coating exhibited improved particle contact after
electrochemical cycling, established by SEM. In addition, XRD measurement showed that the PDDA-TFSI
coating reduced the degree of particle deformation, which confirmed the volume buffering characteris-
tics of the polymer. This study showed a lab-scale approach for the coating of NMC with a commercially
available polymer to mitigate chemical and mechanical degradation in LigPSsCl-based solid-state batter-
ies.

6.2. Recommendations

This study revealed insights into the effect of polymeric interlayers on the cycle stability in sulfide-based
SSBs. Based on these findings, the following recommendations are suggested to further increase the un-
derstanding of the role of the coating in Li-ion diffusion across the cathode/solid-electrolyte interface.
Additionally, recommendations are made for further optimization of the polymer application, the usage
of mixed ionic electronic conducting (MIEC) polymers, and exploring different operating conditions of
SSBs.

In this work, a polymeric coating with lithium salts was shown to improve SSB capacity; one reason
for this can be improved Li-ion conduction over the cathode grain boundaries. Exchange-NMR, nuclear
magnetic resonance, is a technique that can be used to quantify Li-ion equilibrium exchange across the
solid-electrolyte/electrode interface [105]. To investigate the contribution of the polymeric coating on the
Li* diffusion between the NMC electrode, the PDDA-(Li)TFSI, and the LigPS5Cl solid-electrolyte, solid-
state Li® NMR measurements are recommended for future studies.

The preparation of the PDDA-TFSI coating on cathode active material was performed with two meth-
ods: microencapsulation via dissolution and precipitation and spray drying. In this work, spray drying
was abandoned after the first attempt due to the incompatibility of the feed tube with the acetone solu-
tion resulting in a cross-contamination of silicon, and the clogging of the nozzle with the usage of poly-
crystalline particles with a D5y of 10 to 13 um. Alongside, the preparation of the coating via dissolution
and precipitation displayed a coating with a thickness varying from 5nm to 20nm. For future work, coat-
ing preparation with the Buchi Mini Spray Dryer is a technique that could be explored for a thin polymer
coating with a more uniform thickness. Recommended is the use of a feed tube compatible with acetone,
and cathode active materials of a smaller particle size, such as the single-crystal NMC with a D5y of 3 to 5
um.

Besides these recommendations, further research can be done into the effects of different types of
polymer coatings. A recommended candidate for future work would be the preparation of a mixed ionic
electronic conductive (MIEC) polymer. As stated in chapter 2, MIEC polymers are unique for their ability
to conduct ions as well as electrons [15], improving SSB kinetics alongside the premise of the promise of
improved cycle stability.

To further optimize SSB performance, it is recommended to explore the dependency of operating tem-
perature, C-rate, and cell closing pressure. In this study, all experiments were conducted at room temper-
ature; it is important to acknowledge that practical operating conditions, such as those in electric vehi-
cles, often involve higher temperatures. Therefore, further research can be conducted into cycling per-
formance at higher operating temperatures. Another practical demand for rechargeable batteries is fast
charging and greater power output during discharge; additional experiments can be done to explore SSB
performance at higher C-rates and support the demand for faster charge and discharge rates. Another im-
practicality of solid-state batteries is the high closing pressures to ensure electrode/solid-electrolyte con-
tact. Polymer interlayers have been shown to improve particle contact retention, potentially enabling op-
eration at lower closing pressures. Addressing and optimizing for higher operating temperatures, higher
C-rates, and lower closing pressures will improve SSB performance and stability in practical, real-world
scenarios.
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Appendix A

A.1. Specification Sheet LPSCI, Lithium Phosphorus Sulfur Chloride
A.1.1. Product Identifiers:

Product Name / Ddescription  Lithium Phosphorus Sulfur Chloride (LPSCI) powder
CAS Number: The CAS number is unknown or ahs not been assigned to this material

A.1.2. Relevant Identified Uses of the Substance or Mixture and USes Advised Against:

Identified Uses: Solid electrolyte material; laboratory chemicals; synthesis of substances

A.1.3. Composition / Information of Ingredients

Component: Lithium Phosphorus Sulfur Chloride

Formula: LigPS5Cl

Synonyms: LPSC], Argyrodite

CAS# n/a

Concentration: = 100%

Average Particle Size (D5g): 5um

Hazard Classification: Flammable solid (Cat. 1, H228); In contact with water releases flammable

gasses (Cat. 2, H261); Toxic is swallowed (Cat. 3, H301); Causes severe skin burns and eye damage (Cat.
1B, H314); Harmful if inhaled (Cat. 4, H332); Very toxic to aquatic life (Cat. 1, H400)

Physical State: Solid (powder)

Color: Light brown, beige

Odor: Rotten eggs (sulfur) smell, stench
Water Solubility: Insoluble

Specification sheet is publicly available at: https://[www.neicorporation.com/products/batteries/solid-state-
electrolyte/
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A.2. Specification Sheet NANOMYTE®)BE-56E (NMC811) A. Appendix A

A.2. Specification Sheet NANOMYTE®BE-56E (NMC811)
A.2.1. Active Material Characteristics

Product Description: Lithium Nickel Manganese Cobalt Oxide (NMC811) electrode sheets
Formula: LiNiggMng 1Cog 102

Average Particle Size (D5g): 10-13 um

Specific Surface Area: 0.2-0.5m?/g

A.2.2. Electrical Characteristics

Nominal voltage vs. Li/Li*: 3.75V
Minimum capacity: 190mAh/g
Experimental capacity: >200mAh/g (3 -4.3V@0.1C)

A.2.3. Recommended Operating Conditions

Maximum Charge Voltage: 4.5V vs. Li/Li*
Maximum Charge Current: 1C
Cutoff Voltage for Discharge: 2.7Vvs. Li/Li*
Maximum Discharge Current: 5C

A.2.4. Available Quantities

NET’s standard electrode sheets are available in packages of 2, 5, & 10 sheets. Bulk quantities are also
available.

A.2.5. Precaution for Safe Storage & Handling

Personal protective equipment should be used at all times. Avoid contact with eyes and skin. Ensure
adequate ventilation and avoid inhalation of dusts. Wash hands thoroughly after handling. Store in a dry
and sealed pouch or under inert atmosphere, away from heat. Avoid moisture.

Specification sheet is publicly available at: https://[www.neicorporation.com/products/batteries/cathode-anode-
tapes/

A.3. Specification sheet MSE PRO Single Crystal High Nickel NMC Ni82
A.3.1. Properties

Appearance Grey Black Powder
D10 (um) >1.0

D50 (1m) 3.0-5.0

D90 (um) =<10.0

Dmax (um) =<25.0

H>0 (ppm) < 600

pH <11.9

BET Specific Surface Area (m?/g) 0.30 - 0.9

Tap Density (g/cm3 >0.8
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A.4. Specification sheet Carbon Nanofibers A. Appendix A

A.3.2. Chemial Properties

Ni+Co+Mn (Wt%) 58.5 - 60.5
Li (Wt%) 7.0-7.6
Ni (mol%) 83.0

Co (mol%) 11.0

Mn (mol%) 6.0

Ca (mol%) <0.0100
Cu (mol%) < 0.0020
Fe (mol%) < 0.0050
Na (mol%) < 0.0300

A.3.3. Half Coin cell performance

0.1C (mAh/g) > 200
0.5C (mAh/g) >190
1C (mAh/g) =185
First cycle efficiency (%) 88.68

Specification sheet is publicly available at: https://lwww.sigmaaldrich.com/NL/en/product/aldrich/719781

A.4. Specification sheet Carbon Nanofibers

A.4.1. Properties

Quality Level 200

Form powder

DxL 100 cm x 20-200pum

Impurities iron-free, <100 ppm Iron content

Average diamter 130 nm

Pore size 0.075 cm3/ g average pore volume, 124Aaverage pore diameter
Surface area average specific surface area 24 m®/g

mp 3652-3697°C

density 1.9g/mL at 25°C

A.4.2. Product Specification

Product name Carbon nanofibers - graphitized (iron-free), composed of conical platelets,
D xL 100 nm x 20-200 um

Product number 719781

Formula: C

Formula Weight: 12.01 g/mol

Appearance (Color) Black

Appearance (Form) Powder

X-Ray diffraction Conforms to structure

Iron (Fe) 100 ppm

Specification sheet is publicly available at: https://lwww.sigmaaldrich.com/NL/en/product/aldrich/719781
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Appendix B

B.1. Cycling Performance of Polycrystalline NMC811 with a Spray-Dried
Polymeric Coating
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Figure B.1: Long-term cycling discharge capacity of lithium-indium alloy anode, LPSCI, and Pristine polycrystalline NMC811, and
NMC811 with a 3wt% PDDA-TFSI spray dried protective coating, at 0.05C for the first two cycles and 0.2C for following cycles.
NMC active materials = 10 mg cm™L
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B.2. XPS - S2p Spectra of Spray-Dried Polymeric Coating B. Appendix B

B.2. XPS - S2p Spectra of Spray-Dried Polymeric Coating

Figure B.2: Si2p spectra of XPS measurements of polycrystalline NMC with spray-dried PDDA-TFSI. Indication of Silicon
contamination during polymeric coating application process.

B.3. DRT analysis of Polycrystalline NMC
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Figure B.3: DRT plots of pre-, and post-cycling for a) PC-NMC, b) PC-NMC with a 1wt%, and c) 3wt% PDDA-TFSI polymeric
protective coating.
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B.4. Pawley Refinement of XRD Patterns of Polycrystalline NMC
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B.4. Pawley Refinement of XRD Patterns of Polycrystalline NMC
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Figure B.4: Pawley refinement fits of XRD patterns of a) PC-NMC powder, b) post-cycling PC-NMC, c¢) PC-NMC with 1wt%
PDDA-TFSI powder, d) PC-NMC with 1wt% PDDA-TEFSI post-cycling, e) PC-NMC with 3wt% PDDA-TFSI powder, and f) PC-NMC3

with wt% PDDA-TFESI post-cycling.
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Appendix C

C.1. Cycling performance including capacity retention at 0.05C
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Figure C.1: Long-term cycling discharge capacity of lithium-indium alloy anode, LPSCI, and single-crystal NMC (Ni82), NMC with
a 1wt% PDDA-TFSI, and NMC with 2wt% PDDA- (Li)TFSI, at 0.05C for the first cycle and 0.2C for following cycles, and 0.05C for

cycle 101. Capacity retention at a rate of 0.05C is specified for the coated samples. NMC active materials = 10 mg cm™~.

C.2. EIS Measurement Voltages

2

Table C.1: Cell Voltages during EIS measurements, pre- and post-cycling, of SC-NMC, SC-NMC with 1-PDDA-TFSI, and SC-NMC
with 2-PDDA- (Li) TFSL

Sample Pre-cycling Post-cycling
SC-NMC 2.987V 3.01V
SC-NMC w/ 1-PDDA-TFSI 3.005V 2.994V
SC-NMC w/ 2-PDDA-(Li) TFSI 2.995V 2.999V
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C.3. DRT Analysis of Single-crystal NMC
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Figure C.2: DRT plots of PC-NMC, PC-NMC with a 1wt%, and 3wt% PDDA-TFSI polymeric protective coating, a) pre-cycling, and b)

post-cycling.
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Figure C.3: DRT plots of pre-, and post-cycling for a) SC-NMC, b) SC-NMC with a 1wt%, and c) 2wt% PDDA-(Li) TFSI polymeric
protective coating.
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C.4. Pawley Refinement of XRD Patterns of Single-Crystal NMC
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Figure C.4: Pawley refinement fits of XRD patterns of a) SC-NMC powder, b) post-cycling SC-NMC, ¢) SC-NMC with 1wt%
PDDA-TFSI powder, d) SC-NMC with 1wt% PDDA-TFSI post-cycling.
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Figure C.5: Pawley refinement fit of 003 peaks in the XRD pattern after cycling a) uncoated SC-NMC, and b) SC-NMC with 1wt%
PDDA-TFSI.

87



	List of Figures
	List of Acronyms  and Abbreviations
	Introduction
	Solid-State Batteries: Challenges and Possible Solutions
	Polymeric Interlayers at the Cathode-Electrolyte Inferface
	Techniques to Study the Cycling Performance and the Cathode Electrolyte Interfaces
	Scope of Work and Research Questions

	Literature Review
	Solid-State Batteries: Working Mechanisms and Components
	Basic Working Mechanism
	Solid Electrolytes
	Working Mechanism of Solid Electrolytes
	Choice of Electrolyte
	Choice of Cathode Active Material
	Choice of Anode Material
	Half Reactions

	General Theory of (Chemo-)Mechanics and Kinetics in Batteries
	Chemo-Mechanics and Kinetics during Electrochemical Cycling
	Protective Strategies
	Tortuosity and the Optimization of the Ratio of Cathode Active Material to Solid Electrolyte
	Optimization of the Particle Sizes of Cathode Active Material to Solid Electrolyte

	Conductive Carbon Additives
	Working Mechanism of Conductive Carbon Additives
	Types of Conductive Carbon Additives
	Gravimetric percentage of Conductive Carbon Additives

	Polymeric Interlayers as Protective Coating on Cathode Active Material
	Working Mechanism of Polymeric Binders and Protective Coatings
	PEDOT:PSS as a Mixed Ionic Electronic Conducting Protective Coating
	Polycarbonate-PEO as an Ionic Conducting Polymeric Protective Coating
	Vulcanized Butadiene Rubber Binders
	PDDA-TFSI as a Polymerized Ionic Liquid
	Protective Coating Application Strategies
	Choice of Polymeric Protective Coating


	Materials and Methods
	Preparation of the Cathode Electrode Composites
	Polymer Coating Application
	Solid-State Battery Cell Assembly
	Electrical Measurements and Cell Cycling
	Electrochemical Impedance Spectroscopy
	Distribution of Relaxation Times

	X-ray Photoelectron Spectroscopy
	Scanning Electron Microscopy
	X-ray Diffraction

	Results
	Cathode Composite Optimization: Effect of Carbon Nanofibers and Cathode Particle Size
	Cathode Powder Analysis using Secondary Electron Microscopy
	Electrochemical Cycling Performance
	Resistance Evolution Monitoring with Electrochemical Impedance Spectroscopy
	Chemical Stability Analysis with X-ray Photoelectron Spectroscopy
	Morphology Evolution Analysis with Scanning Electron Microscopy

	Polymeric Interlayers for Polycrystalline NMC811
	Surface Analysis of Polycrystalline NMC with Scanning Electron Microscopy
	Electrochemical Cycling Performance
	Resistance Evolution Monitoring with Electrochemical Impedance Spectroscopy
	Chemical Stability Analysis with X-ray Photoelectron Spectroscopy
	Morphology Evolution Analysis with Scanning Electron Microscopy
	Microstrain Analysis with X-ray Diffraction

	Polymeric Interlayers for Single-crystal NMC
	Surface Analysis of Single-crystal NMC with Polymeric Coatings
	Electrochemical Cycling Performance
	Resistance Evolution Monitoring with Electrochemical Impedance Spectroscopy
	Chemical Stability Analysis with X-ray Photoelectron Spectroscopy
	Morphology Evolution Analysis with Scanning Electron Microscopy
	Microstrain Analysis with X-ray Diffraction


	Discussion
	Conclusions and Recommendations
	Conclusions
	Recommendations

	Bibliography
	Appendices
	Appendix A
	Specification Sheet LPSCl, Lithium Phosphorus Sulfur Chloride
	Product Identifiers:
	Relevant Identified Uses of the Substance or Mixture and USes Advised Against:
	Composition / Information of Ingredients

	Specification Sheet NANOMYTE®BE-56E (NMC811)
	Active Material Characteristics
	Electrical Characteristics
	Recommended Operating Conditions
	Available Quantities
	Precaution for Safe Storage & Handling

	Specification sheet MSE PRO Single Crystal High Nickel NMC Ni82
	Properties
	Chemial Properties
	Half Coin cell performance

	Specification sheet Carbon Nanofibers
	Properties
	Product Specification


	Appendix B
	Cycling Performance of Polycrystalline NMC811 with a Spray-Dried Polymeric Coating
	XPS - S2p Spectra of Spray-Dried Polymeric Coating
	DRT analysis of Polycrystalline NMC
	Pawley Refinement of XRD Patterns of Polycrystalline NMC

	Appendix C
	Cycling performance including capacity retention at 0.05C
	EIS Measurement Voltages
	DRT Analysis of Single-crystal NMC
	Pawley Refinement of XRD Patterns of Single-Crystal NMC


