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Abstract

With liquid-based lithium-ion batteries approaching both its theoretical and practical limits, the
progress in all-solid-state batteries (SSBs) offer an exciting improvement and future for energy
storage systems. The exponential progress of SSBs on the laboratory/research-scale in the
last decade has led to promising results and is currently on the cusp of large-scale
implementation. The transition from lab-scale to industrial-scale is not trivial and require the
considerations of several intertwined factors, for example safety, processability, performance,
etc..... In the present work, the use of industrial relevant materials are crucial for a seamless
transition from liquid- to solid-based lithium ion batteries. The cathode active material (CAM)
is a layered lithium transition metal oxides Liz+x(Nii-y-,CoyMnz)1xO2 (NCM or NMC). For the
solid electrolyte (SE), sulfides (thiophosphate) are a popular choice largely due to both its
processability and mechanical properties. The present work will address key questions on the
safety aspect, specifically the gas evolution during cell operation using in situ gas analysis.
Additionally, questions regarding the processability and performance will be addressed using
a number of analysis techniques with in situ gas analysis in tandem.

The first section will introduce the motivations and principles behind a lithium-ion battery and
elaborate upon the active materials used for our study on SSBs. In the second section, the
customized cell setup used for in situ gas analysis for SSBs will be elaborated. Additionally,
we will provide an in-depth insight into the gassing technique used in this study (Differential
electrochemical mass spectrometry, DEMS). The third section will elaborate upon the large-
scale processing technique employed in our lab to produce sheet-based electrodes. The
process of selection and optimization along every stage of the fabrication process will be
described in detail. Lastly, in the fourth section (results and discussion), a compilation of the
various publications can be found.

The first publication will demonstrate the capabilities of the customized cell to investigate gas
evolution in SSBs. This study was used to establish a baseline for future gassing studies on
SSBs, thus the comparison between conventional liquid-based lithium-ion batteries (LIBs) and
two sulfide-based SSBs (B-LisPSs and LisPSsCl). The measurements first illustrate the
differences in the type and amount of gas evolved between LIBs and SSBs, with LIBs mostly
outgassing the SSBs except for two exceptions, namely O, and SO,. The observation of toxic
SO, gas brings to attention the hazards of using sulfide SEs in SSBs. Additionally, the main
contribution of CO, gas evolution in SSBs was clarified to be a result of electrochemical
decomposition of the coating (impurity) layer. This led to the further use of in situ gassing
studies for the evaluation of coating chemistries in future publications.

The second publication will display the transition toward large-scale processing techniques for
SSBs. First, the individual processing steps (mixing, casting, drying) were optimized for the
preparation of mechanically stable, homogeneous electrode sheets (section 3). The electrode
sheets exhibited highly competitive performance versus those prepared using conventional
powder-based processing. The second publication highlights a design-of-experiments (DoE)-
guided approach to evaluate the influence of polymeric binder and carbon additives on the
overall cell performance. The results were primarily supported by in situ gas analysis, which
showed that certain polymeric functional group and/or chains/units potentially interact with the
surrounding electrode components and lead to an increased degradation during cell operation.

In the third publication, the dependence of cell performance on (chemo)mechanical effects
was investigated. The combination of slurry-based processing and glassy SE was shown to
improve the (chemo)mechanical properties of a cell, which allowed the cell components to
maintain tight contact between each other while at the same time mitigating volume changes.
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The results demonstrate that the CAM/SE interface should not only function as a self-limiting
interface, preventing further (electro)chemical reactions, but also possess the necessary
mechanical strength needed to maintain intimate contact after prolonged cycling.

Keywords: NCM, In Situ Gas Analysis, DEMS, Slurry-based processing, All-Solid-
State battery
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1.1 Introduction — Motivation

1. Introduction

1.1. Motivation

Battery technology, specifically lithium-ion batteries have come a long way since its
discovery in the ‘90s by Sony. To fully understand the importance that battery
technologies play in our current day and the near future, we take a brief look at history
and the many influences throughout that led to their development to this day. Although
lithium-ion batteries (LIBs) were used early on in phones, cameras and other portable
devices, there were no evident interest in them among the consumers apart from the
devices that they were powering. The first change was seen when the Apple iPhone
was unveiled in 2007. These devices changed how humans work, travel, communicate
and perceive the world around them. Its functionality led to a consumer-led
advancement in small, more powerful portable devices, which in turn required better
and more complex energy storage systems. Thus, battery technologies and research
are accelerated in the process to satisfy the needs of the consumers. The next boost
to battery research came unfortunately in the form of the 2011 nuclear disaster in
Fukushima, Japan. This led to a change in many countries’ mindset on their reliance
on nuclear energy. In 2011, Germany’s energy policy changed to reduce their reliance
on nuclear energy by sequentially phasing out nuclear power plants and increase their
supply of alternative sources such as oil, natural gas and renewable energies.
Renewable energies from off-shore wind farms and solar power rapidly replaced a
large proportion of electricity generation in Germany.! As renewable energy generation
are unreliable and depended on the weather, providing uninterrupted power to the
energy grid would require the development on stationary energy storage systems. One
such system is lithium-ion batteries. Today, the current boost to battery research and
development originates from a car emission scandal among the world’s largest car
manufacturers in 2015. Towards the end of 2017, calls for banning of internal
combustion engines (ICE) and a transition towards electric cars was underway.?
Decrease in production costs for electric vehicles and improvements to battery
technologies were demonstrated by Tesla Inc. with the Tesla Model S in 2011.34 From
then on, interest in the consumer-base and a growing competitor in the form of Tesla
and its charismatic leader, Elon Musk, started to encourage established car
manufactures to enter the electric car market. With electric car demands expected to
grow at an increasing rate, the demand for electric cars that can travel longer distances
between charges in different environments propelled a new wave of battery research
into new materials that can provide higher energy and power densities. The main
cathode materials used in state-of-the-art LIBs are lithium transition metal oxides
(LITMO2), olivine LiFePOa4 (LFP), layered transition metal oxides (LiNiixyCoxAlyO2
(NCA) or LiNi1xyCoxMnyO2 (NCM)>®¢ Each cathode material has its own advantages
and disadvantages and are tailored for different applications. Regardless of the
progress, the capabilities in both energy and power densities of liquid-based LIBs are
approaching its limits.”® Innovations, technologies and consumer demands are
evolving at a much faster pace than advancement in battery technologies. The
limitations of the LIBs are not just restricted to the cathode side, but also at the anode,
where graphite instead of lithium metal has been the preferred choice of anode material
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1.1 Introduction — Motivation

in commercial LIBs. The use of lithium-metal anode is still limited due to its prevalent
safety issues, despite offering the highest theoretical capacity (g = 3860 mAh/g)%1°
Thus, the search for a battery system that can overcome these limitations is underway
and all-solid-state batteries (SSBs) are a promising candidate. By replacing the liquid
electrolyte by a solid electrolyte, the benefits of increased gravimetric and volumetric
densities alongside the possible use of lithium-metal anodes have placed SSBs front
and center as a successor to the LIB systems. In addition, SSBs can be operated within
a wider temperature range, which is beneficial for applications in different
environmental conditions. However, despite all the potential advantages, there are still
many problems plaguing their commercial viability and must be overcome for them to
be competitive with LIBs. The enabling of lithium-metal anodes is not limited to SSBs
and progress has been made on the LIBs front, where electrolyte with high
concentration of lithium salt enabled the use of lithium-metal anodes in a LIB.
However, the focus of this study is on SSBs. Before elaborating on the challenges
SSBs face, it has to be noted that solid electrolytes (SEs) can be divided into three
groups, the oxides, the sulfides and the polymers. The challenges depend on the group
of solid electrolytes (SE) used. In the case of oxides, the major bottleneck to its use
lies in its mechanical properties. Oxides possess a high Young’s modulus, making
them hard and brittle, which causes them to be prone to mechanical defects during the
preparation and assembling stage of cell manufacturing. Especially during the
assembling stage, where favorable contact between the cathode and SE layer cannot
be achieved by standard cold pressing, but has to be performed at high
temperatures.*? In the case of sulfides, their major drawback lies in its low
thermodynamic stability.*314 Lastly, polymers are plagued by low lithium-ion
conductivity at ambient temperatures. Elevated temperatures above 80°C are required
for competitive performance.’® Among the mentioned systems, sulfide-based SSBs
are the closest towards a breakthrough and are on the verge of commercialization'®
As mentioned, sulfide systems suffer from a small thermodynamic stability window,
which meant that most of them reacts and forms an interphase when in contact with
the components within the electrode. This interphase determines the long-term stability
and performance of the cell. The best-case scenario would involve the formation of an
interphase that possess high lithium-ion conductivities and negligible electronic
conductivities.*314 However, this is not often the case. In fact, it is rare and interphases
with both lithium-ion and electronic conductivities are often formed. These mixed
conducting interphases are non-passivating and does not prevent further reactions
between the SE and the active materials (cathode and anode).l” To suppress the
formation of such interphases, an artificial coating layer on the active materials can be
used to protect them against degradation reactions with the SE by firstly being a poor
electronic conductor and secondly bridging the Li chemical potential gap between the
SE and the active materials.'* Degradation reactions at the interface can be
investigated with a variety of ex situ and in situ analytical techniques. To name a few,
these include X-ray diffraction (XRD), Raman spectroscopy, X-ray photoelectron
spectroscopy (XPS), Time-of-Flight secondary ion mass spectrometry (ToF-SIMS) and
differential electrochemical mass spectroscopy (DEMS).

This work will comprise of industrially relevant stages in the scaling up of cathode
composites for SSBs, starting from investigation of lab-scale pelletized setups to
industrial-scale slurry-cast electrode sheets. At every stage, DEMS will be used to
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1.1 Introduction — Motivation

characterize the gas evolution, giving indications on the safety aspects,
electrochemical stability of the cell components and long-term cycling stability. The aim
of this study is to show the high sensitivity and versatility of DEMS in combination with
other techniques. For example, the difference in gassing trend of a cathode active
material (CAM) with different coating chemistries could elucidate the underlying
degradation reactions during cell operation. The chemical nature and quantity of the
gas evolved could also help discover reaction mechanisms previously hypothesized.
Depending on the potential negative influences these evolved gases have, methods of
preventing the evolution of such gases can be implemented. Another example showing
the versatility of DEMS was during the screening of different chemical components for
slurry-cast electrodes. Further details of the use of DEMS in the transition of powder-
based setups to slurry-cast setups would be discussed in chapter 4.

The thesis will proceed in the following sequence. First, a brief introduction to the
fundamental principles of a lithium-ion battery will be discussed, which applies similarly
to all-solid-state lithium-ion batteries. In the following chapter, the principles and
methodology of the in situ gas analysis technique used in our lab will be elaborated
upon. The third chapter will summarize the in-house knowledge developed for large-
scale fabrication of SSBs. The fourth chapter will showcase the results as journal
articles and lastly, in the fifth chapter, a summary and outlook for further investigations
will be provided.



1.2 Introduction — Principles of a Lithium-lon battery
1.2. Principles of a Lithium-lon battery

In general, a battery is simply an energy storage device. Electrical energy is stored in
this device through an energy conversion process involving redox reactions as
chemical energy. The stored chemical energy can be converted back into electrical
energy through the reverse redox reaction. A conventional liquid-based lithium-ion
battery consists of two electrodes separated by a polymer separator and filled together
with a liquid electrolyte (Figure 1). The electrodes are characterized as positive and
negative respectively and maintain an ionic contact with each other through the lithium-
ion conducting electrolytes, which are permeable through the polymer separator. The
polymer separator allows Li-ion conduction but prevents electronic contact between
the two electrodes. The liquid electrolyte consists of a concoction of lithium salts (e.g.
LiClO4 and LiPFs), organic solvents (Ethylene carbonate, Dimethyl carbonate and
additives that facilitate ionic conductivity, solid electrolyte interface (SEI) formation and
improves battery life and safety.'® The concepts and principles for conventional liquid-
based LIBs can be applied to all-solid-state LIBs, where the liquid electrolyte is
replaced by a solid electrolyte, thus removing the need of a polymer separator. In
SSBs, the solid electrolyte functions as both a separator and a Li-ion contact between
the two electrodes, effectively combining the functionality of both the polymer separator
and the liquid electrolyte into one (Figure 1). This makes the ionic conductivity of the
solid electrolyte extremely important and is by far one of the largest researched topics
for SSBs.1%2! The redox reactions for the energy conversion from electrical to chemical
energy and vice versa involves both a movements of electrons and ions through a
combination of oxidation and reduction reactions at the respective electrodes.

Liquid-base LIB Solid-state LIB

@ Li(Tm)0,, T™M = Transition metal

O Solid electrolyte

© Anode (graphite in LIBs, LTO in SSBs)
"‘ Carbon additive

/™S Polymer binder
= Seperator

Figure 1.1 Graphical representation of a conventional liquid-base LIB (left) and a solid-
state LIB (right).



1.2 Introduction — Principles of a Lithium-lon battery

In electrochemistry, the term cathode represents the metal electrode where reduction
reactions occur, and the term anode represents the metal electrode where oxidation
occurs. However, depending on the charge or discharge stage, these reactions occur
on different electrodes. Therefore, in the battery community, for simplification, the
positive electrode is simply called the cathode and the negative electrode the anode,
regardless of the type of redox reactions taking place. Until now, only the mention of
lithium-ion movements from either electrode through the medium known as the
electrolyte was mentioned. However, with all redox reactions, electron movements are
accompanied by lithium-ion movements, but in the opposite direction. The flow of
electrons take place in the external circuit, which can be connected in series with an
electric load or electric source. In the case of an electric load, the powering of the load
is just a byproduct of the electron movements between electrodes through the external
circuit. This byproduct enables the use of portable devices and electric vehicles.

In our studies, the positive electrode is a Ni-rich layered transition metal oxide
[L(TM)O2, TM = transition metal], while the spinel LisTisO12 is used as the negative
electrode. Both are considered intercalation materials, whose crystal structure center
around a redox active transition metal. A more detailed description of the materials, its
crystal structure, intercalation and deintercalation process will be discussed in the
following sections. The term intercalation refers to a reversible occupation of a vacant
crystal interstitial lattice site (tetrahedral/octahedral) by a mobile ion species (in this
case Li-ion). An advantage of an interstitial storage mechanism over its counterparts
such as conversion is its minimal volume and structural changes.?? This characteristic
enables very stable cycling performance. During charge, lithium ions deintercalates
from the cathode and is transported with the help of the Li-ion conducting medium
(liquid/solid electrolyte) to the anode, where it intercalates into the anode structure.
The process is reversed in the discharge process and together with the charge process
can be described with the following equations:

Cathode: Li(TM)O2z = Li;_, (TM)O2 + xLi + xe~ Eq. 1.1
Anode: LiyTig0;, + xLi + xe™ = Ligy, Tiz0q, Eq. 1.2

The total redox reaction can then be given as:

Li(TM)O2 + Li,TisO;, = Lisi,Tis0;, + Li;_, (TM)O2 Eg. 1.3

The amount of lithium ions that can be intercalated/deintercalated per mass of active
material corresponds according to the same amount of electrons injected/removed,
which is a measure of the cell’s specific capacity. This amount depends on a variety of
factors, including the host/electrode’s ability to modify its valance state, the available
interstitial lattice sites to accommodate the intercalated lithium ions and the reversibility
of the intercalation reactions. In addition, the cell operating parameters such as the
voltage window, cycling rate (C-rate) and temperature, among others have a large
impact on the practical specific capacity. The term practical (specific) capacity is often
used instead of theoretical (specific) capacity because cells are almost never cycled to
reach their theoretical values. This is due to several reasons, one of which is that
battery manufactures limit the operating parameters to increase its cycle life and long-
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1.2 Introduction — Principles of a Lithium-lon battery

term stability. Without these restrictions, the materials will be subjected to extreme
degrees of intercalation/deintercalation, resulting in destabilization of the electrode
structure and large volume changes. A measure of value called the state-of-charge
(SOC) is defined as the ratio between the achieved (practical) capacity and the
theoretical capacity and is written as such:

practical capacity
SOC = _ — x 100 % Eq. 1.4
theoretical capacity

Another important value of measure is the Coulombic efficiency (CE), which can be
defined as the ratio between the discharge and charge capacity within the same cycle:

discharge capacity
= , x 100 % Eq. 1.5
charge capacity

The CE tells us the reversibility of the intercalation reactions (i.e., the redox reactions
taking place at either electrodes). In general, these redox reactions are not fully
reversible and CE values < 100% are typically measured. The irreversibility is
attributed to side reactions that consumes mobile Li-ions that were meant to be
intercalated/deintercalated. In a solid-state system, the side reactions that consume
active mobile Li-ions typically result in the formation of a mixed conducting interface.
Due to its mixed conducting characteristics (electronic and ionic conducting), the
interface would grow and become thicker, increasing the interfacial resistance between
the electrodes and the SE over time.” However, in systems where a protective coating
is used on the electrodes, a stable and robust interface can be formed, which prevents
further degradation reactions and decelerates consumption of mobile Li-ions.1314
Another important electrochemical value is the electrochemical cell voltage (U), which
is a sum of contributions that includes the voltage difference between the two
electrodes, the overpotentials () at the interfaces and the ohmic resistance of the bulk
phases (IR). The total cell voltage can be written as such:

U = AE + Ncathode T Manode + IR Eg. 1.6

U= (Ecathode - Eanode) t Ncathode T Manode T IR EQ- 1.6.1

With the help of the Nernst’s equation, we can describe the changes in cell voltage via
changes in the electrode potentials of the lithium intercalation compounds (E.qthode
and E,,.qe)- The Nernst's equation gives the electrode potentials according to the
following:

E; = Ey + 01 | Greduction Eq. 1.7
nkF Qoxidation

with the standard electrode potential E,, the gas constant R, the temperature T, the
number of electrons transferred in the redox reactions n, the Faraday’s constant F, the
concentration/activity of the oxidized species a,, and the reduced species a,qq. It is
however important to note that these individual electrode potentials (E;, i:
cathode/anode) are not the potentials of a single electrode-solution interface, but the
potential difference with respect to a standardized electrode (e.g., the reversible
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1.2 Introduction — Principles of a Lithium-lon battery

hydrogen electrode). Thus, all electrode potentials are potential differences and the
potential difference (or electrode potential) under standard conditions is given as E,.
However, as described by the Nernst’'s equation, under non-standard conditions (T #
298 K,P # latm,c # 1mol/L), the electrode potential is dependent on the
concentration/activity of the redox species. For the case of lithium intercalation
compounds, the redox reactions involving lithium-ions can be described as such:?3

[Hp] + nLi* + ne™ = [Li,Hp] Eq. 1.8

where the oxidizing species is the vacant interstitial sites of the host structure (Li,Hp)
and the reducing species is the occupied interstitial sites (Hp). Thus, equation 1.7 can
be rewritten as such:

RT.  a[Hp]

E=F +l g 2el Eg. 1.9
0 WF " a[LiHp]
activiai?g;cz;imetal E =E, +ﬂln Y[Hp]X[Hp] Eqg.1.9.1
nF  Y[Li,Hp)X[Li,Hp]
RT «x
_ E = E, + el ViHp] Eqg. 1.9.2
nF  X[Li,Hp) Y[LinHp]

with x; as the molar fraction and y; the activity coefficient of the metal-like interstitial
electrodes. The calculation of activity coefficients in a solid solution is complex and is
outside the scope of this chapter. From Eq. 1.9.2, we can see how the cell voltages
changes during the charging/discharging process. For example, during charging of the
CAM (NCM), deintercalation of Li-ions occur, thus resulting in a simultaneous increase
in vacant interstitial sites and decrease in occupied interstitial site. This leads to an
increase in the second logarithmic term and thus an increase in the electrode potential
of the positive electrode (E.qtnoqe)- Parallel to this, intercalation of the Li-ions in the
anode will lead to a decrease in vacant interstitial sites and an increase in occupied
interstitial site. This leads to a decrease in the second logarithmic term and thus a
decrease in the electrode potential of the negative electrode (E,,,q4.)- TOgether, the
processes at both cathode and anode will lead to an increase in AE (E.qthode — Eanode)s
which meant an increase in the voltage of the electrochemical cell. The opposite is true
during the discharge stage.



1.3 Introduction — Positive Electrode

1.3. Positive Electrode (Layered Transition Metal Oxides, LiTMO>)

Before describing the layered Ni-rich transition metal oxides that are used in this study,
a brief introduction to its origin will be given and how they became such a widely used
CAM in state-of-the-art LIBs. The pioneering material for this category of CAMs was
lithium cobalt oxide (LCO), which was jointly developed by the group of John B.
Goodenough and later made commercially available by Sony.?* LCO has relatively
good cycling performance and is still used in commercialized LIBs. However, despite
its high theoretical capacity (274 mAh/qg), it only has a practical capacity of ~140 mAh/g
within the voltage range of 2.5 V — 4.2 V vs Li*/Li.?>?® The limited voltage window is
designed to allow ~ 50% lithium extraction and is done in order to prevent both
structural and (electro)chemical instabilities. During the same period, a material
possessing extremely high theoretical specific capacities like LCO was discovered,
which was LiNiOz (LNO). At that time, it was regarded as the most promising CAM, in
part due to its high specific capacities and the availability/abundance of its elements.
However, after decades of research, the problems inhibiting its commercialization
persists. LNO suffers from stability issues, which are both (electro)chemical and
mechanical in nature. An example of an (electro)chemical instability is seen at high
degrees of delithiation (i.e., high SOCs), phase transition occurs forming highly
reactive Ni** ions, which may react with surrounding electrode components such as
the electrolyte to form resistive interphases. Furthermore, large volume changes from
phase transitions around 4% can lead to mechanical separations within the primary
particle as well as with surrounding electrode components such as the solid electrolyte
in SSBs.2’30 In addition, thermal instabilities were also reported, which further limits
its viability in a commercial LIB.3! Therefore, in the past few decades, substitution of
Ni with other transition elements such as Co, Mn and/or Al to suppress the various
instabilities has led to the discovery of the current state-of-the art CAMs such as LiNi1-
xyCOxAlyO2 (NCA) or LiNi1xyCoxMnyO2 (NCM). The different substituted elements all
have a role in achieving a balance between electrochemical performance and
safety.3233 First, the substitution of Mn or Al improves the stability and cycle life as
these substituted transition elements do not undergo changes in its valence states
during charge and discharge and is thus not participating in the redox process. Second,
there will be less Ni?* ions available in the transition-metal oxide framework, thus the
phase transformation to a rock-salt structure and forming the reactive Ni** ion is
suppressed. Another common substitution is Co, but in lower contents due to cost and
political issues. However, Co substitution improves the electronic conductivity of the
CAM and enables high-rate capabilities. In recent years, higher Ni-content CAMs that
are relatively stable within a set voltage range are used in state-of-the-art LIBs, to the
point where the next possible composition will be LNO itself. Thus, progress in high Ni-
content CAMs have in a way revitalized the research in overcoming the inherent
stability issues in LNO. Representative voltage profiles for different Ni-content layered
transition metal oxides are depicted in Figure 1.2 with their characteristic
electrochemical properties listed in Table 1.
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Figure 1.2 Representative 1t cycle voltage profiles for common layered transition
metal oxides with LCO represented in black, NCM111 in red, NCM622 in green,
NCM851005 in blue and LNO in orange. The cells are cycled in a liquid-based LIB
against a Li metal anode at C/10 and 25°C in the voltage range 3.0 — 4.3 V. LP5 was
used as the liquid electrolyte (Ref. Bella Group).

Table 1 Specific charge/discharge capacities (qch and gdis) and their respective mean
charge/discharge (U, and Ug) of the cathode active material with compositions
LiCoO2 (LCO), LiNi0.33C00.33Mno.3302 (NCM111), LiNi0o.6C002Mno202 (NCM622),
LiNio.85C00.1Mno.0s02 (NCM851005) and LiNiO2 (LNO).

Cathode active material Gen/ Qas / Uenl Uais |
mAhg? mAhg? \% \%

LCO 164 157 4.00 3.96

NCM111 172 155 3.90 3.85

NCM622 196 175 3.87 3.83

NCM851005 225 200 3.88 3.85

LNO 247 212 3.90 3.86
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From Figure 1.2, it can be seen that with increasing Ni content (NCM851005 and
LNO), distinct plateaus in the high-voltage regimes could be seen. These plateaus are
representative of phase transitions within the crystal structure, which lead to
decreasing crystal lattice stability. The destabilizing effect increases with increasing Ni
content and is a major influencing factor to capacity fading.2’34

The crystal structure of all layered transition metal oxides is a layered a-NaFeO,
structure (R3m), regardless of the Ni content. While the transition metal atoms (Ni, Co,
Mn and Al) occupy the Wyckoff 3a sites randomly, the Li occupies the 3b sites (Figure
1.3).35-37 Both Li and transition metal atoms are coordinated by oxygen atoms on the
octahedral 6¢ sites and these octahedrals are stacked on top of each other along the
c-axis in an alternating ABC sequence, which allows the Li ions to move
(intercalate/deintercalate) perpendicular to the c-axis during cycling.

O TM =Nj, Al, Co, Mn

O Li

Figure 1.3 Unit cell of the layered transition metal oxide [Li(TM)O2] with crystal
structure R3m.
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1.3 Introduction — Positive Electrode

The cause of the stability problem is related to the phase transformation from layered
to a rock-salt structure that begins near the outermost surface of the NCM. Moreover,
the destabilizing transformation is associated with the formation of Ni** ions, large
volume changes and the release of highly reactive oxygen molecules. These highly
reactive oxygen molecules are crucial to this study as their reaction with electrode
components can produce gaseous byproducts. By studying and quantifying these
gaseous byproducts, we can indirectly gain an insight into the many underlying
mechanisms within the electrode during cycling. In the first publication, an investigation
into the gaseous byproducts of thiophosphate-based SSBs was performed and
compared with that of a conventional liquid-based LIB. The study showed that sulfur-
species were oxidized by the highly reactive oxygen to form toxic SOz gas in the
process. In Publication 2, the investigation of gaseous products was used to screen
electrode components such as carbon additives and polymer binder. The study
showed that certain binder chemistries were more susceptible to oxidation by the highly
reactive oxygen, resulting in increase CO:2 gas evolution. Furthermore, in some binder
chemistries, an increase in SOz gas evolution was observed, which was attributed to
a binder-involved destabilization of the thiophosphate solid electrolyte. Publication 3
was focused on the mitigation of the mechanical instability caused by the volume
changes (i.e., phase transition) of the NCM during cycling. By using a SE with lower
Young’s modulus together with improved processing techniques, mechanical
separations can be suppressed. These results were verified with a distinct difference
in oxygen evolution and would be further elaborated in Chapter 4.
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1.4 Introduction — Negative Electrode

1.4. Negative electrode (LiaTisO12)

LiaTisO12 (LTO) is another interstitial electrode with very stable characteristics.
Because of its high stability during prolonged cycling, it was chosen as the anode
material of choice for all the bench testing of SSBs in our study. Specifically, the anode
consists of a composite of LTO, carbon additives and solid electrolyte in an optimized
ratio. Its popular use in SSBs is primarily due to its negligible volume change during
cycling. It is widely known as a zero-strain insertion material and its lattice parameters
remain almost unchanged during insertion and extraction. In addition to its stability, it
also has a flat voltage profile. These characteristics make it an attractive anode
material for isolating differences in electrochemical performance, crystal structure,
among others, to purely the CAM. As an anode in an uncharged state, LTO crystallizes
in the spinel structure with the (Fd3m) space group (Figure 1.4). Li occupies fully the
tetrahedral 8a sites and partially the octahedral 16d sites. The remaining octahedral
16d sites are then occupied by Ti** ions. The randomly distributed Li and Ti** ions in
the octahedral 16d sites are coordinated with oxygen in a cubic close packed structure.
Since the octahedral 16c, tetrahedral 8b and 48f sites are empty, they are capable of
Li insertion/extraction. During intercalation, LTO can allow up to three lithium ions per
formula unit, allowing it to achieve a theoretical specific capacity of 175 mAh/g.
Alongside the insertion of Li* ions, the Ti#* ions undergo a redox reaction which results
in a phase transformation of the spinel structure to a rock-salt structure (Li7TisO12). This
transformation starts at the outermost surface and proceeds inwards, eventually
transforming the entire particle from a spinel structure to a rock-salt structure (Figure
1.5).

o p B P
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- f . . OLi

Figure 1.4 Unit cell of spinel LisTisO12 with crystal structure Fd3m.
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Figure 1.5 Voltage profile of Lis+xTisO12 as it transitions from spinel-LisTisO12 to rock-
salt-LizTisO12 with graphical representation of the transformation (starting at the

outermost surface inwards).
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2.1 Differential Electrochemical Mass Spectrometry (DEMS)

2.In Situ Gas Analysis

2.1. Differential Electrochemical Mass Spectrometry (DEMS)

In this study, we mainly use differential electrochemical mass spectrometry (DEMS) to
investigate and enable the transition of SSBs from lab- to industrial-scale. A brief
history into the development of electrochemical mass spectrometry (EMS) will be
provided in the following sections and will help provide an understanding of the
advantages/disadvantages of the system employed in our lab.®® Two system of
application of mass spectrometry on electrochemical cells were developed and are still
used until this day. The first system was developed by Bruckenstein and Gadde in
1971.3940 The characteristic design of this system is the closed vacuum reservoir,
where gaseous species are first accumulated and later transferred to the mass
spectrometer (MS). Therefore, the measured ionic current is the total concentration of
a gaseous species and is represented as an integral signal. Another system developed
by Wolter and Heitbaum had a design difference in the form of a continuously pumping
inlet system between the MS and the electrochemical cell, thus the concept of
“differential”. 4* This meant that the gaseous species evolved were measured as a
function of time (time-resolved ion current). The continuous purging of evolved reaction
gaseous products increased the sensitivity of detection and enabled the investigation
of smaller quantities of gaseous products.#?43 Despite the improved sensitivity, the
differential/continuous purging system (DEMS) is not optimal for investigating gas
evolution in LIBs as the electrolyte gets depleted over time and could result in non-
representative results. Moreover, a differential system requires a flow rate of at least 1
mL/min, which is considered large for a battery cell, which typically has an electrolyte
volume of ~10 — 100 pL (for a small area 1cm? cell). This has resulted in the further
development of the EMS system with a closed system. To that end, McCloskey et al.
developed a new interface system, improving upon the initial setup developed by
Bruckenstein and Gadde.* The setup allows purging of accumulated gaseous
products in defined intervals. A similar setup employed by Gasteiger et al. but with an
addition of a crimped-capillary leak had a reported response time of ~1 s (versus DEMS
~30 s).%546 Moreover, the group of Gasteiger was able to modify the setup, allowing
the separate detection of gas evolution originating from both the anode and cathode
side.*64” Despite the various advantages of the system, there is a significant downside.
These systems have a single stage pressure reduction (as opposed to DEMS), leading
to mass fractioning of the evolved gaseous products.*®> The disadvantages led Berkes
et al. to develop a differential/continuous purging system for use in our lab, which was
also shown to be suitable for long-term studies of LIBs. A graphical representation of
the setup is depicted in Error! Reference source not found.. This was made possible
by the incorporation of an electrolyte reservoir that prevents electrolyte dry-out from
the continuous purging.*®
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Figure 2.1 Graphical representation of the DEMS setup. The individual components
are labeled accordingly.*®

The DEMS setup starts with two mass flow controllers (F-201CV-020-RAD-33-Z), each
regulating the flow rate of the carrier and calibration gas respectively. The stepwise
increment/decrement of the calibration/carrier gas at the end of the measurement is
required to quantify the amount of gas evolved during cell operation. The calibration
gas is a mixture of gaseous species (e.g., Hz, CO2, Oz, CO, N2) with a known amount
of concentration (ppm).

In this continuous flow system, the carrier gas of choice is Helium (He) and is used to
flush the cell continuously during cycling and thus sending all evolved gasses to the
MS. Helium fulfills all the experimental conditions of being both inert and possessing a
singular mass signal (m/z = 4). Despite being inert as well, Argon (Ar) was not chosen
as a carrier gas. This is attributed to its high collision energy and high fragmentation.
The high collision energy could cause potential damage to the detector, while the high
fragmentation creates a variety of mass signals (m/z = 18, 20, 36 and 40), which
causes an increase noise-to-signal ratio.

A series of stainless-steel tubing (1/16”) connects the individual components (MFC,
bubbler, battery, cold trap and mass spectrometer together. The cold trap is installed
between the battery and the mass spectrometer (Pfeiffer Omnistar GSD 320 0O2),
which acts as a solvent trap for electrolyte vapor, preventing it from reaching the MS
and damaging it. Both the cold trap and electrolyte-bubbler are not needed for the
solid-state battery configuration (SSB—-DEMS) as there is no liquid electrolyte present.
The customized cell body for the measurement of LIB-DEMS“® has been redesigned,
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modified and optimized for SSB-DEMS measurements and is depicted in Error!
Reference source not found..
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Figure 2.2 Modified design of the DEMS cell design for use in SSB-DEMS analysis.
Flow of the carrier gas and the evolved gas during cycling is indicated.

The SSB-DEMS customized cell consists of a solid stainless-steel body to reduce
residual moisture from potentially influencing the measurement, as moisture-
susceptible materials were being investigated throughout the study. The cell stack is
cold-pressed within a polyether ether ketone (PEEK) ring in a customized mold prior
to assembly in the stainless steel cell body. The cell stack together with the PEEK ring
is sandwiched between the cathode and anode current collector. The cathode current
collector is designed with multiple holes (diameter = 1 mm) to allow for ease of gas
flow. The flow separator/controller component has a set of O-rings to control and
separate the stream of incoming and outgoing gas. Temperature control is regulated
with the help of a Peltier element, which in the case of the SSB-DEMS is set at 45 °C.

A comparison between the old setup with a freestanding cell stack (prior to
customization and optimization) showed a distinct difference in gas evolution. With the
customized and optimized cell, we noticed an increase in measurement sensitivity in
the form of larger quantity of gas evolution (Figure 2.3). The increase gaseous signals
can be attributed to both a smaller dead volume within the cell body and increased
electrochemical performance. The presence of a PEEK ring and current collector
reduces the amount of dead volume and helps direct the released gas towards the
outlet. Moreover, the encasement of the cell stack within a PEEK ring reduces
mechanical defects during assembly and cycling, which contributed to an improved
electrochemical performance. Unfortunately, to electrically isolate the cathode and
anode from each other, the ring must be made from PEEK, which is not as moisture
resistant as stainless-steel. Thus, the PEEK is dried at 80°C under vacuum over
prolonged periods prior to use.
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Figure 2.3 Representative Oz, 3CO2 and '2CO:2 gas evolution of two thiophosphate-
based SSB (LisPSsCl and £-LisPSa4) in both the old (free-standing) and new (sandwich
in PEEK) setup
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2.2 Mass Spectrometry

2.2. Mass Spectrometry

Mass spectrometry, as its name suggest is an analytical technique to separate/filter
molecular fragments by their individual mass to charge (m/z) ratio. Mass spectrometers
rely on different approaches to separate the fragments, ranging from use of electric
force (separation based on kinetic energy) to magnetic force (separation based on
momentum) and even by their time-of-flight (separation based on velocity). A mass
spectrometer consists of four main components, namely the gas inlet valve, the ion
source, the mass analyzer/filter and the detector. A pump system is connected to these
components, most likely as a combination of a diaphragm and turbo pump. In general,
a low-pressure environment is required for mass spectrometry. In the case of the
Pfeiffer Omnistar GSD 320 O2 mass spectrometer, the low-pressure environment is
achieved by an interstage pumping system. The pressure is incrementally lowered
from the gas inlet system to the ion source, quadrupole mass analyzer and the
detector.

The evolved gases enter the mass spectrometer through a heated capillary system to
the gas inlet valve. As part of the gas inlet system, the heated capillary can reduce the
pressure from atmospheric pressure down to ~ 700 — 1000 hPa (1 hPa = 100 Pa),
allowing for a laminar flow into the vacuum chamber. The next pumping stage begins
with a diaphragm pump reducing the pressure down to a range where the turbo pump
is able to operate (< 10 hPa). After which, the turbo pump kicks in and reduces the
pressure down to ~ 10® hPa, which is required to prevent interactions/collisions
between molecular species or ions and improve the noise-to-signal ratio.

The gaseous species then enters the ionization chamber and are ionized with the help
of an ion source, which in our case is an yttrium-coated Iridium filament that has an
operating temperature of 1300 °C (Figure 2.4). As the filament gets heated, it produces
an ionizing electron beam by thermionic emission, which is accelerated towards an
oppositely charged electrode plate and to an electron trap. The incoming neutral
gaseous molecules passes through the electron beam and is ionized in a process
called electron ionization (El) or electron impact ionization.*® El is a process where
neutral species can generate a molecular ion by collision with an electron. In practice,
the electrons emitted from the ion source are accelerated to energies much higher than
the minimal energy required to ionize the gaseous species. Generally, electrons with
energy in the range between 60 — 80 eV are used to impact the neutral gaseous
species and ionize them. The ionization leads to the formation of different type of ions,
which includes single charged ion ( XY +e XY™ +e™ (2.2.1),

multiply charge ions XY+e~ —» XY™** + (n + 1)e~(2.2.2), molecular fragments XY+
e” > X"+ Y+ m+1e (223) or ion-pairs XY+ e -oXT4+Y + e”

(2.2.4).50
XY +e - XYt +e” (2.2.1)
XY +e - XY™ + (n+1e” (2.2.2)
XY+ e ->X"+Y'+ (n+1e” (2.2.3)
XY+ e ->XT+Y + e~ (2.2.4)
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Figure 2.4 Photograph of the ionization chamber (left) and the linear quadrupole/mass
filter (right) used in the mass spectrometer Omnistar GSD320

The ionized species are directed towards the linear quadrupole, where they get
separated according to their (m;/z) value. The linear quadrupole mass analyzer/filter
consists of four cylindrically shaped rod electrodes positioned symmetrically in a
square configuration. A voltage possessing both a DC (U) and an AC (V) component
is applied to these rods, resulting in the generation of a periodically alternating electric
force with angular frequency w. A top view image of the quadrupole mass analyzer is
shown in Figure 2.4, where two rods opposite each other have the same potential of
either —(U —Vcos wt) and (U — Vcos wt). The alternating electric force exerts a
periodic attractive and repulsive force on the ions in the x- and y-direction, which
propels them to pass through the quadrupole in a sinusoidal path along the length of
the rods. As long as certain parameters are maintained, the ions would pass through
without touching the rods. These parameters can be mathematically represented by
solving for both the equations of motions and the total potential. The total potential at
a position in the x-y plane [®(x,y)] between the four rods is given by equation
(2.2.5)(2.2.5).
(x? —y2)(U — V cos wt)

O(x,y) = 2 (2.2.5)

1, IS the distance from the center of the square configuration to the rod. The equation
of motion is given by equation (2.2.6).

F=md=—zeVd (2.2.6)
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2.2 Mass Spectrometry

a is the acceleration of the ions. From (2.2.6), we see the relationship between the
potential applied on the rods and the motion of the ionized ions. The substitution of
equation (2.2.5) into (2.2.6) and solving it will result in the Paul equations ((2.2.7) and
(2.2.8)).

ma = —zeV®
d?x 0P d*x 0P
—)Fx:mmz—zea —>Fy=mﬁ=—zew (227)
x| 2% () Veosat)x = 0
FTCi— cos wt)x =
(2.2.8)
d*y 2ez
F—m—roz(U— V coswt)y =0

To solve equation (2.2.8), we make use of the Mathieu equations, whose solutions are
known. To that end, equation (2.2.8) is rewritten with dimensionless parameters a and
q to resemble that of the Mathieu equations giving equation (2.2.9).

d?x
= + (a, —2q,cos2T)x =0
(2.2.9)
d?y
i (ay — 2q, cos ZT)y =0
, with the dimensionless parameters a and g given as:
_ _ 8zeU _ _ 4zeV _wt 2210
G = "= m;w?2rg ©="%= m;w?r T3 (2:2.10)

These parameters can be plotted against one another (a vs.q), giving a graphical
representation of the region of stable flight path of the ions (“stability diagram”). Since
the values w and r, are kept constant in an operating mass spectrometer, a and g are
considered proportional multiplications of the variables U and V. Equation (2.2.10) can
also be rewritten to equation (2.2.11).

U=a. (%) w;:)z V=a.(2) w;:’z (2.2.11)
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3. Slurry-casting of All-solid-state batteries

Equation (2.2.11) shows that the parameters U and V are proportional to (m;/z). Thus,
by varying U and V, while keeping the U/V ratio constant, the quadrupole is able to
scan/filter for different masses (m;/z). However, this also meant that for a given U
andV at a given time, only one specific (m;/z) is allowed to pass through the
guadrupoles. Thus, for a mass spectrometer that scans multiple masses, an important
requirement is that the time needed for the ions to pass through the analyzer is much
faster than the time it takes for the quadrupole to switch to another mass.

The ions leaving the mass analyzer in our system could be detected with either a
Faraday cup or a secondary electron multiplier (SEM) (Figure 2.5). While the Faraday
cup is located behind the quadrupole mass analyzer, the SEM is positioned 90° away
from the mass analyzer axis. The ions are deflected away from the mass analyzer axis
towards the SEM with a metal mesh. Neutral species, photons and electrons travel
unaffected through the metal mesh along this axis and does not enter the SEM, thus
preventing them from contributing to the background signal. In our studies, the
detection of choice is with the SEM. The SEM consists of a conversion and a
continuous dynode. The conversion dynode is an electrode and converts incoming ions
into electrons to be accelerated in the continuous dynode. The continuous dynode is
shaped as a curved funnel with the inner walls coated with an isolator, thus providing
a uniform resistance along the length of the dynode. A voltage is applied to the dynode
with values decreasing along the dynode towards the bottom (i.e., the ground
potential). Electrons entering the dynode are propelled to move along the length of the
dynode towards the ground potential. In doing so, the electrons travel through the
funnel by colliding continuously with the inner walls and every collision causes the
emission of an electron. A cascade of electrons is produced, which when added up
provide an amplified electric current that is recorded.

Secondary electron multiplier
High potential

Continuous dynode

Ground potential

Figure 2.5 Photograph of the secondary electron multiplier (SEM) used in the mass
spectrometer Omnistar GSD320
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3.Slurry-casting of All-Solid-State batteries

3.1 Motivation

Within the last decade, exponential growth in the research and development of
powder-based pelletized SSBs has shown increasing competitiveness in terms of
performance with state-of-the-art liquid-based LIBs, while providing additional safety
improvements to the cell. This has led SSBs joining the few elite LIB systems that
would eventually succeed the liquid-based LIBs. This success on the laboratory scale
has prompted growing interest in transitioning the technology to an industrial scale.
However, the laboratory preparation techniques for SSBs involve a series of complex
steps, which are not directly transferable to large volume fabrication processes on an
industrial scale (e.g., roll-to-roll processing). Drawing inspiration from the processing
of LIBs that has been modified and optimized over the past three decades, there have
been attempts to make SSBs possess the needed mechanical stability and flexibility
for roll-to-roll processing. This would require a shift towards sheet-based designs,
incorporating a non-active polymer component (binder), prepared through either a wet
chemical process or a high viscosity process.'? In the wet chemical process, the
electrode components including the binder is dispersed in a suitable solvent, creating
a slurry. In contrast, the high viscosity process is solvent-free and involves the
(mechanical) mixing of all solid components including the binder at an elevated
temperature, creating a highly viscous paste. This processing method is however
outside the scope of this study, and we chose to focus primarily on wet-chemical
processing.

3.2. Selection of solvent and binder

In a wet-chemical process, the solid components (including the binder) are dispersed
in a suitable solvent, resulting in a dispersion called a slurry. The development of a
homogeneous and stable slurry suspension is not trivial and extremely challenging,
considering the large number of parameters needed to be optimized. These
parameters include the solvent properties (e.g., volatility, viscosity, polarity, toxicity,
etc....) and the binder properties (e.g., molecular mass, reactivity, solubility, etc....).

3.2.1. Solvent-related parameters

Solvent properties such as the volatility (vapor pressure), polarity, inertness (towards
the electrode components) and toxicity have to be taken into account.®® The physical
and chemical properties of commonly used solvents (both in LIBs and SSBs) are
compiled in Table 1.52-%5 For instance, the vapor pressure of the solvent can determine
the quality (homogeneity, mechanical property and electrochemical performance) of
the electrode sheet. Solvents possessing a high vapor pressure (> 7kPa) would be
very volatile and evaporate almost immediately after casting, leaving behind uneven
rough surfaces.>°6 For example, N-Methyl-2-pyrrolidone (NMP) is a commonly used
solvent for LIBs electrode fabrication as it possesses a low vapor pressure of 0.04 kPa,
albeit a high polarity index (PI) of 6.7. The polarity of the solvent is an extremely
important parameter in sheet fabrication (especially for SSBs) and its consideration
depends largely on the type of components used. In the case of SSBs, the type of solid
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electrolyte largely determines the type of solvent that can be used. Sulfide SEs have a
very high reactivity towards polar protic solvents with a high PI value, which leads to
the degradation of the SE and is typically indicated visually by a change in the color of
the suspension.>1°657 The degradation of solvent-treated SEs have been reported
experimentally by utilizing analysis techniques such as Raman spectroscopy, X-ray
photoelectron spectroscopy (XPS), X-ray diffraction (XRD) and electrochemical
impedance spectroscopy (EIS). After dispersion of a sulfide SE in a polar protic solvent,
Raman spectroscopy showed depressed/missing PS2~ signals (~ 426 cm™!) and
additional signals, which indicates both the partial degradation of the sulfide SE
structure and the formation of impurities, respectively.>” The formation of impurities
can be further supported with XPS spectra data. An example can be seen in the form
of a widened P2p spectra for the THF-treated LisPSsCl, revealing the formation of PO4*
-containing impurities. XRD analysis was also reported to confirm the partial
decomposition of the core SE structure into the crystal structure of the precursors,
which form as impurities after solvent treatment. The mechanism of solvent-induced
degradation reactions is reported to be a nucleophilic attack by the solvents on the
SE.%8 Thus, for sulfide SEs, the use of non-polar solvents is a mandatory requirement
for the successful fabrication of high performance sulfide SSB electrodes.

Table 2 Properties of organic solvents used in lithium-ion fabrication

a* ub LD, p*d

Solvent (gem’)  (mPas)  (goaKemd)  (kP2)

Acetonitrile (ACN) 0.79 0.34 6.69 11.81 5.8
N-Methyl-2-pyrrolidone (NMP) 1.03 1.70 3.91 0.04 6.7
Acetone 0.78 0.30 5.80 30.72 5.1
Ethanol, absolute (EtOH) 0.78 1.08 10.47 7.85 4.3
2-Propanol 0.78 2.04 5.05 5.76 3.9
Tetrahydrofuran (THF) 0.89 0.46 2.45 21.55 4.0
Toluene 0.86 0.55 5.58 3.79 24
Hexane 0.65 0.29 25.00 20.12 0.1
Heptane 0.68 0.41 5.00 4.6 0.1
p-Xylene 0.86 0.60 4.03 1.17 25
0-Xylene 0.88 0.76 3.61 0.886 25

a d: density and data from ref. 53 (Kosuke lzutsu Electrochemistry in Nonaqueous Solutions)

b viscosity and data from ref. 53 (Kosuke Izutsu Electrochemistry in Nonaqueous Solutions)

¢ LD50: measure of toxicity, median lethal dose Oral (rat), data from Material Safety Data sheets of
Sigma-Aldrich and Hazardous Substances Data Bank (HSDB)

d p*: specific vapor pressure at 25°C and data from ref. 53 (Kosuke lzutsu Electrochemistry in
Nonaqueous Solutions)

e PI: Polarity index from ref. 55 (L. R. Snyder Classification of the Solvent Properties of Common Liquids
1978)

fOne or more K values missing. No reasonable estimate possible

Unless stated otherwise, data are representative at 25 °C. Temperatures other than 25 °c are shown as
subscript. (e.g. 2.520)
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In the case of oxide-based SEs, the choice of solvents are not limited to non-polar
solvents, since they are shown to be relatively stable with respect to polar aprotic
solvents.>8 The reason for their stability towards polar solvents is attributed to the
inherent chemical stability of oxides and at first glance is an ideal chemistry for sheet-
based processing of SSBs.'261 However, the bottleneck for oxide-based SSBs lie in
the later part of the cell fabrication process, specifically during the layer compaction
stage, where an additional sintering step at temperatures above 1000°C is required to
ensure both a dense layer within the SE separator and intimate interfacial contact with
the cathode composite layer. In contrast, sulfide SSBs are shown to exhibit dense ionic
conducting layers and intimate contact between the separator and cathode layer just
from room temperature mechanical compression.

Another solvent criterion that differentiates between oxides and sulfides is the toxicity
of the solvents used for the respective chemistry. The non-polar solvents required by
sulfide SSBs are in general more toxic than polar solvents and can be compared
guantitatively with the use of the median lethal dose (LDso) values. These values are
measured via different exposure routes with oral exposure to rats being the most
commonly used, thus the representation in terms of [g,..1Kgra] (see Table 2). A lower
LDso value represents a higher toxicity. In our study, we chose o-xylene as the solvent
despite its relatively high toxicity. The toxicity was not a major consideration because
the study is still performed on a laboratory scale in a glove box, thus exposure to the
solvent and its vapor are minimal. However, the scaling up of such processes would
require the use of a dry-room environment and exposure to the solvent and its fumes
will be drastically increased. To that end, new design criteria such as ventilation and
removal of toxic fumes would be an important aspect and the use of a less toxic solvent
with similar physical and chemical properties to o-xylene would be ideal for the sheet
fabrication of sulfide SSBs on an industrial scale.

3.2.2. Binder-related parameters

The desired binder characteristics are closely related and intertwined with the physical
and chemical properties of the solvent. There are a few characteristics to look for when
choosing the appropriate binders, such as their inertness, solubility in chosen solvents
and adhesion strength, among others.>! Interestingly, most of the crucial properties of
the binder are related to the molecular weight, chain length and the corresponding
functional side groups. In a wet-chemical process, the binder is typically dissolved in
the solvent of choice and used as a binder-solvent solution. Therefore, apart from the
individual physical and chemical properties of both the solvent and binder themselves,
the properties of the resulting binder-solvent solution are of crucial importance and
have to be also taken into account. An example of which is the rheological properties
of the binder-solvent solution, as it has been known to influence the mechanical
integrity, homogeneity and most importantly, the electrochemical performance of the
electrode sheet.®? One aspect of the rheology is the viscosity and is reported to have
a direct correlation to the molecular weight of the binder, where a binder with higher
molecular weight would result in a more viscous slurry suspension. While a high
viscosity slurry suspension would be advantageous in preventing sedimentation of the
solute during the drying process and maintaining a homogeneous electrode, it is not
beneficial during the casting process. In fact, an ideal slurry is one having a non-
newtonian fluid behavior, possessing high viscosity at low shear forces (e.g., drying
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stage) and low viscosity at high shear forces (e.g., casting stage). Apart from
influencing the viscosity, the increase in molecular weight of the binder also results in
an increase to the adhesion strength (either between the electrode and the substrate
or within the electrode itself). On the topic of homogeneity, apart from relying on a
viscous solution, a suitable binder and solvent combinations could also improve the
distribution of the solid components within the electrode and lead to improved reaction
distributions.%3

Regarding the chemical properties of the binder, it should be inert towards the
components in the electrodes. The inertness of a binder is largely dependent on the
functional side groups. For example, the nitrile groups (C=N) of a nitrile butadiene
rubber (NBR) was shown to interact with the Li ions in sulfide SEs via ion-dipole
interactions, which contributed to an improved dispersion and adhesion strength.5!
However, in our study, these interactions have shown to negatively affect the long-term
electrochemical performance of the cell, at the cost of improving the homogeneity and
mechanical properties of the electrode sheet. A summary of commonly reported
polymer binder chemistries for SSB cell fabrication is listed together with their
respective chemical structures in Table 3.

Table 3 Common binders for SSB cell fabrication and their chemical structures

Binder Structure

Polyisobutene (PIB) H.C CH
3 3

n
.
Styrene butadiene rubber (SBR)
X Ty z
© CH,T
T
Poly(methyl methacrylate) (PMMA) oo P\
|
CH,
- n
Poly(ethylene vinyl acetate) (PEVA) /h X Q\[y]/ CH
3
O
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Hydrogenated nitrile butadiene rubber
(hNBR)

|
N

n m
F
Poly(vinylidene fluoride) (PVDF)
F
n

(N

N

Polyvinylpyrrolidone (PVP) 7
N
H
n

Styrene-(ethylene-butylene)-styrene
(SEBS)

3.2.3. In-house optimization of the binder-solvent parameters

From the discussions in 3.2.1 and 3.2.2, we get an overview of the complex
interdependency of both the solvent and binder parameters and how their individual
properties and combinations together can affect the mechanical strength and the
electrochemical performance of the electrode sheet.

Since the sulfide SEs (LisPSsCl from NEI Corp.) are the core focus of our study, we
first had to limit our choice to non-polar solvents. O-xylene (Sigma-Aldrich, anhydrous,
97 %) was our choice of solvent as it possessed a higher-than-average viscosity
among the non-polar solvents and a lower-than-average vapor pressure, all of which
are ideal for fabrication of electrode sheets. A preliminary study on the stability of the
solvent was performed by simply observing the color change of both the suspension
and the SE powder, which can indicate ongoing reactions between the solvent and the
SE (Figure 3.1). Similar studies show a correlation between the color of polysulfide
solutions and underlying degradation reactions, including their dependencies on the
solvent polarity.51:57:58.64
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MeOH EtOH Pyridine 2-Propanol o-xylene Heptane

Figure 3.1 Photographs of LisPSsCl SE dissolved in various solvents with decreasing
polarity index (from a to f). The degree of degradation and instability of the LisPSsClI
SE is directly correlated to the intensity of color change of both the suspension and the
SE powder. The panels show the dissolution of the SE in (a) methanol, (b) ethanol, (c)
pyridine, (d) 2-propanol, (e) o-xylene and (f) heptane. The study was carried out under
in a glovebox (Ar-atmosphere, [O2] < 0.1 ppm, [H20] < 0.5 ppm).

Not surprising, the polar protic solvents such as methanol (MeOH) and ethanol (EtOH)
showed an immediate color change from colorless to black after coming in contact with
the sulfide SE (Figure 3.1 a, b). Furthermore, the color change was not restricted to
the solvent but was observed for the SE powder as well, changing from greyish beige
to black. In addition, minor sedimentation was observed, and the remaining
undissolved powder constituted only a fraction of its original mass. Both of these
observations indicate a strong reaction between the solvent and the SE. In contrast,
the dispersed SE powder in a non-polar solvent such as o-xylene and heptane retained
its original color. While the suspension was cloudy initially, it sediments very quickly,
retaining most of its original mass. These observations reinforce the inertness of non-
polar solvents towards sulfide SEs and is appropriate for producing sheet-based
sulfide SSBs. After investigation of both ends of the polarity spectrum, we also looked
at the suitability of solvents with average polarity. Examples include pyridine and 2-
propanol, which had a less drastic color change to yellowish white and brown,
respectively. For pyridine, the suspension remained cloudy even after a 30min rest
time, while the 2-propanol was able to completely sediment. Also, within the same time,
the color of the SE powder in pyridine and 2-propanol slowly changed to black and
dark brown, respectively. This shows that the sulfide SE took a longer time to react
with solvents of average polarity. However, no further tests were performed to
ascertain if chemical changes to the SE took place for these average polarity solvents.

The chemical stability of o-xylene with respect to sulfide SEs was further supported
with XRD data, where little to no change in the SE framework and crystal structure was
observed (Figure 3.2). The XRD patterns of the mechanically mixed cathode
composite via ball milling is represented in red and possessed both peak contributions
from the CAM (green) and the SE (grey). After undergoing through the sheet fabrication
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process (i.e., dispersion in o-xylene, mixing, casting and drying), the XRD patterns
remained relatively unchanged and identical to a conventional dry-mixing process
(red), thus justifying o-xylene’s chemical inertness towards the individual electrode
components and its suitability as a solvent for the fabrication of sulfide SSBs.

NCM + SE + C65 + OPN
(wet-chemical processing, RT vacuum)

Jl_:_n_‘uu_‘_x_h__,\_‘.._._

NCM + SE + C65 (Ball mill)

__.Ju_u_.l.l_ﬂ_.l_._A_.M_,‘_‘.._h

NCM 851005 (CAM)

Relative intensity

' TP

J‘L Lh l | LizPS;ClI (SE)

20/°

Figure 3.2 XRD patterns of the LisPSsCl SE (black), CAM (NCM851005) (purple),
cathode composite before solvent treatment (red) and after treatment (orange).

40

After choosing o-xylene as the solvent of choice for our study, we started to screen
potential binder chemistries for our system. As mentioned above, the binder had to
fulfill a couple of experimental requirements, one of which is the solubility in o-xylene.
Three different binder chemistries were investigated, namely polyisobutene (OPN;
OPPANOL N 150 from BASF SE, average molecular weight Mw = 3.1-106 g/mol),
poly(styrene-co-butadiene) (SBR; 45 wt% styrene from Sigma Aldrich, Mw = 6-105
g/mol) and hydrogenated nitrile butadiene rubber (hNBR; THERBAN LT 1707 VP from
ARLANXEO, Mw = 5.5-105g/mol). All the investigated binders were soluble in o-xylene
but showed different binder-solution viscosities (1) with the same weight fraction. The
viscosities decreased in the following order: popn > HUssr > Pnnsr. This observed trend
in viscosity correlates with their differences in average molecular weight and matches
previously reported relationship between viscosities and molecular weight. The
importance of the viscosity is most apparent during the optimization of the solid
content, thickness and homogeneity of the electrode sheet, which will be elaborated in
Section 3.3. After optimization and tailoring of each individual binder-solution mixtures
to achieve similar viscosities, we proceeded to study the influence of different binder
chemistries on the mechanical and electrochemical properties of the casted electrode.
Not surprisingly, OPN-electrodes had decent mechanical stability due to its higher
molecular weight. However, despite its lower molecular weight, hNBR was able to
provide comparable mechanical properties with the same weight fraction. The stronger
adhesion in this case was not attributed to the molecular weight but to the nitrile
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functional side groups along its chains, which exhibited ion-dipole interactions with the
lithium ions of the sulfide SE. Provided that such interactions do not destabilize the SE
framework, they can be advantageous to the homogeneity and electrochemical
performance of the electrode sheet. However, our studies showed that hNBR-
electrodes were more susceptible to side reactions (e.g., with reactive singlet oxygen
102) and formed a higher fraction of oxidized species during operation. For SBR-
electrodes, they showed similar mechanical properties to that of OPN-electrodes but
differed slightly in their electrochemical performance. Ultimately, through a
combination of ex situ and in situ analysis techniques, an optimization of electrodes
with OPN binder achieved a balance between electrochemical performance and
mechanical stability. A more in-depth analysis on the comparison between the three
binders will be discussed later in section 4.2.

3.3. Sheet fabrication process

The sheet fabrication process will be primarily focused on the processing of a cathode
composite electrode. In this section, we will elaborate upon the different processing
stages, which starts with the mixing of the components, followed by the layer forming
and lastly the layer compaction.

3.3.1. Mixing of components

In this stage, the components (solvent, binder, CAM, SE and conductive carbon
additives) are mixed at high speeds to produce stable slurry suspensions. The high
shear forces during mixing help separate and prevent agglomeration of the particles.
Currently, state-of-the-art production of slurry suspension for LIBs uses a
discontinuous batch process. These batch processes uses batch mixers such as
dissolvers and planetary mixers for both laboratory scale and series production.®®
Innovation in the mixing process have resulted in promising alternatives such as
extrusion-based processing, which promises to reduce both costs and time. In our
study, a discontinuous batch process with a THINKY mixer was used to produce slurry
suspensions on a laboratory scale (Vol. < 5L). The components are not mixed together
in one sequence, but in multiple complex optimized steps (Table 4). Studies have
reported that the sequence of addition and mixing of the components have an impact
on the resulting slurry homogeneity, electrochemical and mechanical performance.%®
In our study, we firstly mechanically dry mixed the CAM, SE and conductive carbon
additives without the solvent and binder-solvent solution. This was to ensure that the
main ionic and electronic conducting components have favorable contacts prior to the
addition of a non-conducting polymeric binder. Second, solvents (in our case o-xylene)
are added to the dry-mixed components together with milling balls and the resulting
mixtures undergo a second mixing step. This ensures that the powders are properly
wetted before the addition of the binder-solvent solution. Lastly, the binder-solvent
solution is added to the mixture and mixed at high speeds. The separation of the
solvent and binder-solvent solution into two stages reduces
agglomeration/inhomogeneous mixing, which can be visually seen as roughness on
the sheet’s surface. The pre-wetting step was necessary due to the large surface areas
of the particles (C65: 84 m? g1), which readily adsorb the solvents. In the case where
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the binder-solvent solution is added without a pre-wetting step, precipitation of the
polymeric binder from the solution could occur, causing inhomogeneous dispersion of
the binder within the electrode. Lastly, the addition of the milling balls from the second
mixing step is another precaution to suppress agglomeration during mixing. In our
study and in the context of the components used (individual weight fractions, particle
size, etc....), a solid content between 55-60 wt% was needed for producing an
excellent dispersion with ideal casting viscosity, which produced sheets with state-of-
the-art thickness (d= 60 um) and homogeneity after drying and compaction. This solid
content is achieved by considering the amount of solvent used in both the second
mixing step (pre-wetting) and the last mixing step (binder-solvent solution).

Table 4 Recipe and mixing procedure for cathode composite electrode sheet

Cathode composite electrode sheet

Components NCM622, LisPSsCI, C65, OPN
Solvent content 42.1 wt%
Solid content 57.9 wt%
Binder content 1 wt%
Slit size 240 pm
Substrate Aluminum
Speed 25 mm/s
Mechanical dry mixing of NCM622, LisPSsCl, C65 at
Step 1 :
600 rpm, 2 min
Added 1400 mg o-xylene (pre-wetting) and 12 mg
Step 2 - ) -
milling balls (diameter = 1mm)
Step 3 Mechanical wet mixing at 700 rpm, 2min
Step 4 Added OPN binder-solvent solution
2x Mechanical wet mixing at 2000 rpm, 6 min

'M._,

Example
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3.3.2. Layer formation

The slurry suspension from section 3.3.1 can then be casted onto a substrate through
various different techniques. One of which is tape casting, which involves the casting
of the slurry with a doctor blade of defined slit size. The substrate used for the casting
depends ultimately on the cell stacking design. It can be a current collector (e.qg.,
Aluminum or Nickel foil), another electrode layer (e.g., SE separation layer) or a self-
release polymer substrate. When casting onto another electrode layer, additional
design requirements must be considered. For instance the choice of solvents and
binders in both layers, since the solvent of one layer must not dissolve the binder of
another during casting.*> Another design difficulty would be the determination of mass
loading.®” Unless the thickness of the casted sheets can be maintained throughout the
casting process, the mass loading of different electrodes cut from the same sheet will
have a large variance, leading to inaccurate measurements. This is however often the
case in a laboratory setup. In contrast, series productions circumvent this problem
through a continuous supply of slurry to the reservoir. Regarding the current collector
as a substrate, this works well for both the positive and negative electrodes, but not for
the SE separator. Thus, the layer formation of the SE separator layer is often designed
to be performed on either a casted layer or on a self-release polymer substrate. The
self-release polymer substrate allows separation of the casted layer, making it free-
standing. The concept of free-standing sheets open up more possibilities for cell
assembling/stacking designs, but requires either a higher content of polymeric binder
or a type of scaffold to ensure mechanical stability.®®

Another operational parameter involves the doctor blade itself. In agreement with
reported studies on tape casting, we observe influences of the doctor blade’s velocity,
weight and design on the overall electrode properties.®®-"3 In general, there are two
types of doctor-blade system, a single-blade and a double-blade system (Figure
3.3).7%7 In our study, a single-blade system is used. However, the use of a double-
blade system would improve the thickness homogeneity along the length of the sheet.

Double-blade
doctor blade

Single-blade
doctor blade

Front blade
Rear blade

Electrode sheet
=
= Substrate

H H
.. .: -.
. / \

Moving belt Moving belt

__ Electrode sheet
Substrate

Figure 3.3 Single-blade (left) versus double-blade (right) doctor blades. (a) The height
of the reservoir (Ho) decreases as the slurry gets used up, resulting in an irregular
pressure-driven flow. (b) Height H is maintained even as the slurry is depleted,
reducing the effect of irregular pressure-driven flow.

Thickness homogeneity is determined by three main factors: (1) the blade size, (2) the
fluid flow and (3) the velocity of the blade. Logically, a larger blade size would produce
thicker sheets. As for the fluid flow, there are two main types during casting, namely
the shear-driven (Couette flow) and the pressure-driven flow (Poiseuille flow).”* The
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shear-driven flow is a result of shear stress exerted on the fluid by the relative motion
of the doctor blade and the substrate, while the pressure-driven flow is a result of the
pressure gradient in the direction of the slit opening. Since the pressure is directly
proportional to the height of the slurry reservoir (H), a decrease will result affect the
pressure-driven flow. This can be circumvented with the use of a double-blade system
as H is maintained constant throughout most of the casting process, thus reducing the
effect of an irregular pressure-driven flow. Unfortunately, in our studies, the use of a
single-blade and a limited slurry reservoir meant that irregular pressure-driven flow is
present and will affect the electrode thickness along the entire sheet. In general, as the
slurry gets depleted, the hydraulic pressure will decrease (i.e., pressure-driven flow
decreases) and drag-driven flow will become more dominant. As drag-driven flow
becomes more dominant, the sheet thickness decreases. This increase in dominance
of drag-driven flow is also apparent when the blade velocity is increased. Many
parameters can affect both shear-driven and pressure-driven flow. For example, blade
velocity, volume of slurry reservoir, slit size, viscosity of the slurry, among others. In
our studies, we only chose to optimize the blade’s velocity and slit size, while keeping
the slurry volume and viscosity relatively constant, to achieve state-of-the-art electrode
thickness for optimal electrochemical performance. The blade with a 240 um slit size
was moving at speeds of 25-30 mm/s and allowed the fabrication of ~60 um thick
electrode sheet after compaction. A last important parameter of the doctor blade is its
weight. A blade with low mass was used to reduce the friction between the aluminum
substrate and the blade itself. High friction impedes the movement of the blade and
causes micro-jumps to occur, which results in uneven electrode surfaces.

The last step in layer formation is the drying stage of the electrodes. Drying at an
inappropriate rate can cause detrimental effects to the mechanical and electrochemical
properties of the sheet such as loss of adhesion and cracking.” In general, drying
starts as the solvents is evaporated from the sheet surface and particles move closer
together, reaching a final pre-compaction porosity. After which, the sheet shrinkage
stops, and removal of solvents are driven by capillary transport of solvents towards the
surface. The remaining trapped solvents unaffected by capillary transport evaporates
and move through the pores as a gaseous phase towards the surface. Studies have
shown that a high drying rate can cause accumulation of carbon additives and
polymeric binder at the electrode surface, resulting in a concentration gradient along
the thickness of the electrode.”®8° The accumulation at the electrode surface is
accompanied by a depletion at the electrode/substrate interface, thus negatively
affecting the adhesion of the sheet. On the other hand, a low drying rate could result
in sedimentation of the components at the bottom. Therefore, optimization of the drying
process is also required for fabrication of high-performance electrodes. In our studies,
we dried the electrodes at room temperatures for 5h before drying under vacuum for
12h. No sedimentation was observed for the long drying time according to cross-
sectional SEM images (section 4.2). Accordingly, the binder and carbon additive
distribution along the thickness of the electrode was homogeneous.
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3.3.3.Layer compaction

The final stage in the sheet fabrication process is the compaction of the sheet to reduce
porosity and increase contact between the components in the electrode. Unlike LIBs,
where an excessive low porosity might be detrimental to ionic conductivity, compaction
for SSBs aim to be close to negligible porosity.'28 The processing via calendering
should not to be confused with cold pressing, where the latter is used during the
cell/stack assembly stage to increase contact between layers. On the other hand, the
main objective of calendering is to reduce porosity, bring the components closer
together and improve electronic conductivity as well as the mechanical properties on
a roll-to-roll process. However, on a laboratory scale, compaction can already be
achieved with cold pressing during the cell/stack assembly stage, thus not needing a
calendering stage. Nevertheless, calendering has another application on the laboratory
scale, which is the preparation/compaction of an electrode layer for use as a substrate.

The calendering of sheets can however be detrimental and lead to electrode defects
such as delamination, cracks and particle pulverization.®28 In our studies, we
attempted to calender sheets with aluminum substrate with a relatively low line
pressure to avoid any forms of defects. However, even at such low line pressures, we
noticed periodic humps/waves along the electrode, which is reported to be a result on
an inhomogeneous density distribution.®® This is caused by a difference in sheet
thickness, which we attribute to the use of a single-blade design and a limited slurry
reservoir. Therefore, calendering was not performed for our casted sheets and
compaction of the cathode composite layer was instead performed during cell
assembly via uniaxial cold pressing.

Finally, we attempted a preliminary investigation on the feasibility of processing of
sulfide-based solid electrolyte in a dry-room environment (T~ —60°C). The bulk
resistance of a LisPSa sulfide solid electrolyte was measured after different exposure
time in a dry-room environment. It was found that the bulk resistance and Li-ion
conductivity of the SE increases and decreases respectively with increasing exposure
time. Exposure for short durations (up to 30 min) did not seem to affect the SE
electrochemical properties and only after prolonged exposure (> 1 hr), did we see a
distinct difference in bulk resistance and conductivity. Thus, for large-scale sulfide-
based SSB production, design considerations have to be implemented to limit long-
term exposure.
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Figure 3.4 Representative Nyquist plots of LisPS4 powder (BASF) exposed to dry-room

conditions for different duration. The measured Li-ion conductivity provided by BASF
was 0.13 mS/cm. After exposure to the glovebox environment (0O min), the conductivity
was measured at 0.08 mS/cm. Only after 30 min, do we start to see a change in ionic

conductivity that cannot be explained by measurement variance. The Li-ion

conductivity of the SE powder was performed with a symmetric cell with stainless-steel

current collectors under a stack pressure of 254 MPa (Diameter of cell = 10 mm).
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4. Results and Discussion

4.1. Gas Evolution in Lithium-lon Batteries: Solid versus Liquid
Electrolyte

Differential electrochemical mass spectrometry (DEMS) measurements have been
extensively used in the investigation of gas evolution behaviors in lithium-ion batteries
(LIBs) and its results have contributed to further optimization and design of state-of-
the-art LIBs. As all-solid-state batteries (SSBs) have progressed to the point where
commercialization within the decade is increasingly possible, understanding the gas
evolution trend of SSBs during cycling is of utmost importance.

Prior to this work, our group (Bartsch et al.) has published a preliminary study on SSB
gassing, which to our knowledge was the first report of gas evolution study on SSB.
There we reported the first gas evolution study for a thiophosphate-based SE, showing
the evolution of Hz, CO2, O2 and most importantly SO2. However, a more in-depth
analysis into the mechanisms behind the gas evolution eluded us. Therefore, in an
attempt to better understand the underlying mechanisms leading to gas evolution in
sulfide-based SSBs, the gas evolution behavior of different thiophosphates were
investigated and compared to traditional LIBs.

To begin this study, a Li2COs-coated Li1+x(Nio.6C00.2Mno.2)1x0O2 (NCM622) with a 3C
isotopic label was selected as the cathode active material (CAM) for both liquid and
solid systems. The isotopic labeling was performed in a controlled manner as
described in a previous publication (Hatsukade et al.). Next, the selected
thiophosphate-SEs were LisPSs and LisPSsCl. We compared the gas evolution
between the two SEs and noticed slight differences in the SOz signals. While a distinct
SO:2 signal was observed for LisPS4, none was seen for LisPSsCl, which we attribute
to its higher chemical stability towards reactive singlet oxygen (*Oz2) that originates from
the NCM lattices at high state of charges (SOCs) (> 80%). The formation of SOz gas
from the reaction between 'O:2 and the thiophosphates is first supported by the
coincidence of the O2 and the SOz peak at high SOCs. A similar coincidence was also
observed for the CO2 and the SO2 peaks and is in line with a study from Mahne et al,
which showed that the decomposition of Li2CO3s surface impurities also leads to the
evolution of both CO2 and O2.

Following which, the above gas evolution trend in SSBs was compared to that of a
conventional LIB. There was a clear difference in the cumulative amount of Oz and
CO2 (*2C and 3C) recorded. The LIB system released a significantly larger amount of
1213CO2 gas. This difference is related to the following reasons: (1) An increase in
electrochemical decomposition of the Li2**COs coating layer and (2) the oxidation of
the 2C-carbonate-based liquid electrolyte. The later has been extensively reported in
the literature and is further supported by a considerably reduced O2 evolution, since
the released 'Oz is consumed through side reactions with the carbonate liquid
electrolyte, leading to large amounts of 2COz2 formation. In contrast, SSB cells possess
less components for such oxidation processes to occur, thus a higher fraction of 102
would physically decay into molecular Oz, resulting in higher amount of O2 measured
for SSB cells. Therefore, the 12CO2 and Oz gas evolution has opposing trends in both
SSB and LIB cells. As for the increase in electrochemical decomposition of the
Li213COg, it can be attributed to a better ionic and electronic percolation within the LIB
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electrode, which results in better electrochemical addressability of the active material
and therefore the Li2*3COs. Hence, a higher fraction of Li2'3COz undergoes
electrochemical decomposition. We further supported this argument with post-mortem
analysis to find out the remaining amount of Li2*3CO3s on the CAMs. Cycled cathode
composites were washed in N-methylformamide (NMF) to remove the SE without
damaging any residual carbonates on the CAM before subjecting them to an acid
titration study. The amount of remaining of Li2'*COz on a post-run CAM in a SSB cell
was more than twice that in a LIB cell. This allowed us to conclude that a greater
amount of Li2COs coating (*3C) was electrochemically decomposed during cycling in a
LIB.

The equipment used in this study, especially the DEMS and acid titration setup was
designed by Dr. Baldzs B. Berkes and Dr. Toru Hatsukade, respectively. The
customized cell used for DEMS-SSB was however redesigned and optimized by me.
For its development, multiple mechanical sketches were created using CAD software
"Autodesk Inventor Professional 2018" and required extensive cooperation with the
mechanical workshop. The customized cell consists of a stainless-steel outer body,
current collectors, a plastic polyether ether ketone (PEEK) housing and a gas-flow
guiding component. The incorporation of a PEEK housing for the SSB and sandwiched
between an anode and a cathode current collector was required to prevent crack and
fracture during cell fabrication and cycling. The cathode current collector also has holes
with 1mm diameter to enable proper flow of the evolved gases towards the exhaust.
The gas-flow guiding component functions as both a connection between the cathode
current collector to the external circuit and a guide for the incoming and outgoing
gases. The experiments described in the manuscript were performed and evaluated
by me under the scientific supervision of Prof. Dr. Jirgen Janek, Dr. Torsten
Brezesinski and Dr. Florian Strauss. The manuscript was written mainly by Dr. Florian
Strauss, while the experiments were performed mainly by me. The final paper was then
edited by eight co-authors.

Reprinted with permission from (Strauss, F., Teo, J. H., Schiele, A., Bartsch, T.,
Hatsukade, T., Hartmann, P., Janek, J., Brezesinski, T.) Gas Evolution in Lithium-lon
Batteries: Solid versus Liquid Electrolyte. ACS Appl. Mater. Interfaces 2020, 12,
20462-20468) Copyright © 2020 American Chemical Society.
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ABSTRACT: Gas evolution in conventional lithium-ion batteries using Ni-rich layered oxide
cathode materials presents a serious issue that is responsible for performance decay and safety
concerns, among others. Recent findings revealed that gas evolution also occurred in bulk-type
solid-state batteries. To further clarify the effect that the electrolyte has on gassing, we report in
this work—to the best of our knowledge—the first study comparing gas evolution in lithium-ion
batteries with NCM622 cathode material and different electrolyte types, specifically solid (/-
Li;PS, and LigPS;Cl) versus liquid (LPS7). Using isotopic labeling, acid titration, and in situ gas
analysis, we show the presence of O, and CO, evolution in both systems, albeit with different
cumulative amounts, and possible SO, evolution for the lithium thiophosphate-based cells. Our
results demonstrate the importance of considering gas evolution in solid-state batteries, especially
the formation and release of highly corrosive SO,, due to side reactions with the electrolyte.
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gas evolution, interfacial chemistry

B INTRODUCTION

Lithium-ion batteries (LIBs) are an indispensable energy-
storage technology nowadays, enabling the widespread use of
portable electronics. In addition, and even more importantly,
LIBs are key to the efforts toward transportation electrifica-
tion." State-of-the-art LIBs rely on layered lithium transition
metal oxides as cathode, such as
Li},(Ni;_,_.Co,Mn,),_,0,(NCM), and graphite as anode in
combination with an organic carbonate-based liquid electro-
Iyte.

Increasing the fraction of redox-active Ni in NCM-type
cathode materials has been shown a viable strategy for
achieving specific capacities of >200 mAh/gycy in a
reasonable voltage range.” However, the operation of such
NCMs in liquid electrolyte-based LIBs (referred to as liq-LIBs
in the following) causes the formation of gaseous side
products, such as O,, CO, and CO,, among others, eventually
leading to performance loss and safety issues.” ™

Various possible pathways of gas generation have been
discussed in the literature.™” First, the electrochemical
oxidation of the organic electrolyte gives rise to CO and
CO, evolution.® Second, the electrochemical decomposition of
residual carbonate species, usually present on the surface of
especially Ni-rich NCMs, leads to CO, and O, evolution,
predominantly in the initial charge cycle.” Third, the structural
instability of Ni-rich NCMs at high states of charge (SOC)
causes the release of lattice O,, which chemically reacts with
the liquid electrolyte, thereby producing CO and CO,.”"

© 2020 American Chemical Society

7 ACS Publications

As we have shown recently for bulk-type solid-state batteries
(SSBs), similar gas evolution can also occur, along with unique
SO, formation, when using lithium thiophosphate solid
electrolytes.'”'" Nevertheless, the effect of different thiophos-
phates on gas evolution is yet to be studied as well as how it
compares to lig-LIBs. In this work, we present a comparative
study to clarify such questions, focusing on the evolution of
CO, and O, in lig-LIB and SSB cells and SO, in the latter
using isotopic labeling combined with in situ gas analysis.

B EXPERIMENTAL SECTION

Materials Preparation. For the synthesis of f-Li,PS, solid
electrolyte, stoichiometric amounts of Li,S (Sigma-Aldrich; 99+%)
and P,S; (Sigma-Aldrich; 99%) in a 70 mL zirconia jar with 10 mm
diameter zirconia balls (~S55:1 ball-to-powder ratio) were mixed
under argon for 1 h at 250 rpm. The mixing speed was then increased
to 650 rpm, and the milling was continued for 20 h. The resultant
powder material had a conductivity of ~0.5 mS/cm.

For the synthesis of LisPS;Cl solid electrolyte, Li,S, P,Ss, and LiCl
(Alfa Aesar; 99+%) in a 250 mL zirconia jar with 10 mm diameter
zirconia balls were milled under argon for 1 h at 250 rpm and then for
20 h at 450 rpm. Subsequently, the harvested material was heated for
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Figure 1. Electrochemical trace of SSB cells using (a) -Li;PS, and (e) LisPS;Cl solid electrolyte and the corresponding time-resolved (b, f) '>*CO,,
3CO,, and (c, g) O, evolution rates and (d, h) ion current for SO,. The cells were cycled in the potential range of 2.3—4.4 V with respect to In/

InLi (~2.9-5.0 V vs Li*/Li).

S hat 300 °C in a vacuum. Note that (i) the ball-to-powder ratio was
~27:1, (ii) LiCl was predried overnight at 300 °C in a vacuum, and
(iii) Li,S was used in a less than stoichiometric amount (by 10 mol
%). The resultant powder material had a conductivity of ~2.0 mS/cm.

Regeneration of Cathode Material.
Liy,(Nig4Coy,Mny,),_,0, (NCM622, 60% Ni) cathode material
(BASF SE; DY = 5.19 um, DY = 9.04 um) was heated in an oxygen
flow for 2 h at 740 °C to remove both native LiOH and Li,CO,
surface contaminants. The resultant powder material was stored under
argon for further use.”™

Li,'*CO; Surface Layer Formation. For the formation of
Li,"*CO; on the cathode material’s surface, regenerated (i.e., virtually
Li,CO5-free) NCM622 was placed in a custom cell under an ~2.5 bar
3C-labeled CO, atmosphere (Sigma-Aldrich; 99 at. % BEY* The
storage cell underwent purge cycles following its assembly to replace
the initial argon atmosphere. In addition, 300 uL of H,O was
introduced into a cavity inside of the cell to accelerate the carbonate
formation. Finally, it was placed in an oven for 2 h at 60 °C.

SSB Cell Assembly and Testing. All steps were performed under
argon. The cathode composite was prepared in a 70 mL zirconia jar
with 10 mm diameter zirconia balls (~30:1 ball-to-powder ratio) by
mixing either [-Li;PS, or LisPS;Cl solid electrolyte, NCM622
cathode material, and Super C65 carbon black additive (Timcal) in
a 3:7:0.1 weight ratio for 30 min at 140 rpm. The SSB cells were
assembled in a 10 mm diameter PEEK ring, its use ensuring relatively
high pressures to be applied onto the pellet without cracking or
relaxation occurring. The ring was placed on a steel mold, allowing the
powder to be sequentially pressed into pellets. First, 100 mg of solid
electrolyte were compacted at ~125 MPa. Next, 13 mg of cathode
composite (11—12 mgycy/cm?’, ~2.1 mAh/cm?) were pressed by
hand onto the solid electrolyte layer. Then, an 8 mm diameter Al
mesh was carefully placed onto the cathode composite, followed by
compression at ~440 MPa. In addition, a 9 mm diameter stainless
steel mesh was placed onto the Al mesh/cathode layer to help
promote connectivity. Subsequently, the PEEK ring was removed
from the steel mold along with the solid electrolyte separator and
cathode composite layers. Finally, a 100 ym thick, 8 mm diameter In
anode (Alfa Aesar) was attached to the pellet, and the PEEK ring
containing the assembled cell (with spacers on both sides) was
introduced into the differential electrochemical mass spectrometry
(DEMS) setup. The cathode spacer had 1 mm diameter holes to

20463

ensure proper outflow of released gas during cycling. All SSB cycling
[after leaving the cell at open circuit voltage (OCV) for 6 h] was done
at a C/20 rate, with 1C = 180 mA/gycyy, and at 45 °C in the potential
range between 2.3 and 4.4 V versus In/InLi using a BioLogic VMP
potentiostat.

Separating Solid Electrolyte and Cathode Material. To
determine the carbonate content of the SSB cathode composite after
mixing and after the initial cycle, we had to remove the solid
electrolyte, as the strong H,S evolution when using the acid titration
setup (more details below) did not allow for accurate measurement of
CO,. Hence, ~30 mg of either cathode composite or cycled SSB
pellet were dispersed in 3 mL of N-methylformamide (Sigma-Aldrich;
NME), able to dissolve the solid electrolyte while leaving Li,CO;
unaffected. The In anode was removed in the case of the cycled SSB
pellet before dissolving in NMF. The NMF was carefully dried over
activated molecular sieves (Merck KGaA); the H,O content was
determined to be ~2 ppm by Karl Fischer titration. After pouring of
the solution and repeated washing with NMF, the powder was dried
for at least 24 h in a vacuum prior to acid titration measurement. The
NCM622 cathode material with an artificially grown Li,'*CO, surface
layer served as reference sample and was treated in the same way as
described above (to ensure the carbonate is not affected by the
NME).

Lig-LIB Cell Assembly and Testing. Electrodes were prepared
with a composition of 94 wt % NCM622 cathode material, 3 wt %
SolefS130 polyvinylidene fluoride binder (Solvay), and 1 wt % Super
C65 carbon black and 2 wt % SFG6L graphite additives (Timcal).
The areal loading was ~8.5 mgycy/cm? For DEMS, the lig-LIB cells
were assembled inside an Ar-filled glovebox by stacking 600 um thick,
32 mm diameter Li anode (Albemarle Germany GmbH), 36 mm
diameter Celgard 2500 polypropylene separator, and 30 mm diameter
NCM622 cathode. The latter electrode had 4 mm diameter holes in
the middle for proper gas extraction and attachment of a Li reference
electrode. 260 uL of LPS7 (BASF SE; 1 M LiPF, in 3:7 by weight
ethylene carbonate and ethyl methyl carbonate) was used as
electrolyte. The cells were left at OCV for 6 h and then cycled at a
C/10 rate (higher compared with the SSB cells because of the
experimental constraints), with 1C = 240 mA/gycy, and at 45 °C
with a charge capacity limitation of 240 mAh/gycy. The cutoff
potential on discharge was set to 3.0 V versus Li*/Li.
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Gas Characterization. The gas evolution was studied using
DEMS by monitoring m/z = 1—100. Helium (purity 6.0, 2.5 mL/
min) served as carrier gas for both the SSB and lig-LIB cells. The
extracted gas was analyzed by a mass spectrometer (Pfeiffer Vacuum
GmbH; OmniStar GSD 320). Additional information is provided in
the literature.'>'*

Carbonate Determination. Four to eleven milligrams of
NCM622 powder was introduced into a vial with a septum-sealed
cap. Next, 1 M H,S0, (Merck KGaA), degassed for 1 h through
argon bubbling, was added. The reaction between Li,CO; and H,SO,
releases CO,, which was extracted from the vial using argon carrier
gas (purity 6.0), controlled by a mass flow controller (Bronkhorst
High-Tech BV; EL-FLOW Select) at 2.5 mL/min. The evolution of
both '>CO, and '*CO, was monitored quantitatively by a mass
spectrometer (Pfeiffer Vacuum GmbH; HiCube Pro with a
PrismaPlus detector).

B RESULTS AND DISCUSSION

As mentioned previously, NCM622 (60% Ni) was used in this
study as cathode material. To unequivocally prove the nature
of evolved gases, the native carbonate surface contaminants
were first removed through 2 h treatment at 740 °C in flowing
O,, and then they were regrown in a controlled manner using
isotopically pure *CO,. After drying the NCM622 overnight
at 300 °C in a vacuum, we carried out acid titration coupled
with mass spectrometry to determine the amount of carbonate
species. The resultant Li,'*CO; and Li,"*CO; contents were
0.07 and 0.76 wt %, respectively, corresponding to ~92% *C.

Next, SSB and lig-LIB cells were assembled, and the gas
evolution in the initial cycle was monitored using DEMS (mass
signals from m/z = 1-100). The setulJ employed is described
in some more detail in literature.'”'>'" In a first step, SSB cells
with f-Li;PS,, NCM622, and In as solid electrolyte, cathode,
and anode, respectively, were examined. They were cycled at a
rate of C/20 and 45 °C between 2.3 and 4.4 V versus In/InLi,
corresponding to ~2.9—5.0 V with respect to Li'/Li. As is
evident from Figure 1a, the electrochemical trace is character-
istic of Ni-rich NCM, with first cycle specific charge and
discharge capacities of 210 and 170 mAh/gycy. Regarding gas
evolution, two signals with m/z = 44 and 45, referring to
2CO, and "*CO,, respectively, were clearly visible near the
end of the charge cycle (Figure 1b). The *CO, evolution can
be attributed to the electrochemical decomposition of
Li,”CO; on the NCM622 surface, the onset being ~4.2 V
versus Li*/Li, in agreement with literature.””"> However, the
onset of CO, evolution was ~300 mV higher in potential
compared with that of "*CO,. An explanation might be that the
native carbonate contaminants can only be partially removed
from the NCM622 secondary particles during the regeneration
process, especially those that are present in the interior of the
material. At high potentials or SOC, the particles typically
undergo some fracture, which may release '*CO,. However,
oxidation of Super C65 carbon black additive, present in the
cathode composite, cannot be excluded.

Minor CO, formation was also observed in the beginning of
the initial charge cycle, probably because of side reactions
occurring at the interface of In anode and solid electrolyte
separator. This hypothesis relies on the fact that the CO, onset
potential is strongly correlated with that of H, (m/z = 2), the
latter of which appears as a sharp peak (Figure S1). H,
evolution may be related to trace H,O reduction in the
cell.”'® However, we believe that it is also associated with the
solid electrolyte and the released H, is capable of somewhat
reacting with the carbonate species, thereby forming CO,.'® In

addition, the onset potentials of *CO, and '*CO, evolution
(in the beginning of charging) were found to be identical
within the experimental error, arguing for a chemical rather
than an electrochemical reaction. In this context, it should be
noted that no H,S (m/z = 34) evolution was detected,
suggesting either complete removal of trace H,O during the
initial reduction or insensitivity of the solid electrolyte to very
low levels of H,O (Figure S1). In any case, the lack of H,S
evolution indicates that H,O-related effects are negligible in
these experiments.

Moreover, a sharp peak for m/z = 32, referring to O,, was
visible at the end of charge, the onset potential being ~4.5 V
versus Li*/Li (Figure 1c). The O, evolution can originate from
two different sources as proposed in literature, either its release
from the NCM lattice or the electrochemical decomposition of
Li,CO; (note that for the LigPS;Cl-based SSB cells, the
apparent molar ratio of CO,:0, is of the order of 2:1 expected
for the latter reaction).”''” Both sources seem reasonable
here. However, the release of O, from the NCM lattice
requires the SOC to be >80% (100% refers to full
delithiation).'” The initial specific charge capacity was 210
mAh/gycy, which is equivalent to ~76% SOC. Hence, one
would not expect to observe any O, evolution. Nevertheless, as
demonstrated recently for SSBs, inhomogeneities in SOC may
be present during cycling. In other words, occurrence of
cathode material fractions possessing different SOC is
possible,'"*™** and thus some of the NCM622 particles may
exceed 80% SOC, eventually leading to O, loss.

Lastly, a trace for m/z = 64 (SO,) was observed (Figure 1d),
a unique feature that has been reported so far only for SSB cells
using f3-Li;PS, solid electrolyte.'”'" The most obvious route
leading to SO, formation and release is the reaction between
O, and the solid electrolyte, accompanied by formal sulfur
oxidation, along with the formation of solid oxygenated sulfur
and phosphorus species as confirmed by X-ray photoelectron
spectroscopy (XPS) and time-of-flight secondary ion mass
spectrometry (ToF-SIMS), among others.”’ ~>* As mentioned
above, two sources of O, are generally possible, namely O,
released from the NCM lattice or through the electrochemical
decomposition of Li,CO;. Having in mind that the evolved O,
during cycling appears to be partially or completely highly
reactive '0,,">?**° a gas/solid reaction may even occur at 45
°C, despite a recent report that surface oxidation of lithium
thiophosphates (by *0,) requires much higher temperatures.”’
The DEMS data, especially the result that the SO, evolution
begins/stops simultaneously with the *CO, evolution (during
charge and discharge at ~4.2 V vs Li'/Li), support such
reaction mechanism.

Given the apparent effect of lithium thiophosphate solid
electrolytes on the gassing behavior, we subsequently
substituted f-Li;PS, for argyrodite LisPS;Cl in an otherwise
identical SSB. Cycling of such cells under the same conditions
resulted in gas evolution characteristics of '>CO,, '*CO,, and
O, (Figure le—g), similar to those for f-Li;PS,. However, a
clear distinction was observed for SO, (Figure 1h). In contrast
to f-LiyPS,, there was no SO, evolution, thereby suggesting
higher chemical stability of LisPS;Cl toward reaction with 'O,
and/or formation of only solid decomposition products. Note
that its lower electrochemical stability does not necessarily
affect the gas evolution.”®*” In all cases of LigPSsCl samples,
SO, peaks in the raw data were indistinguishable from the
background. Moreover, if any peaks were observed, the ion
current was usually much lower compared with the f-Li;PS,

https://dx.doi.org/10.1021/acsami.0c02872
ACS Appl. Mater. Interfaces 2020, 12, 20462—-20468

40



4.1 Results and Discussion — Gas Evolution in Lithium-lon Batteries: Solid versus
Liquid Electrolyte

ACS Applied Materials & Interfaces

www.acsami.org

Research Article

samples and they did not correspond to the time frame where
other characteristic gases (CO, and O,) evolved. For both
types of SSB cells, the evolution of gases detected during the
initial cycle was also seen for the second and third cycles,
although with decreased intensity (Figures S2 and S3).

Thus far, we have shown that gas evolution related to CO,,
O,, and partially SO, occurs in battery cells depending on the
electrolyte used. To compare gassing in such systems in a more
detailed manner, we assembled conventional lig-LIBs using
tape-cast electrodes with the same NCM622 cathode material
and LP57 electrolyte. The cells were cycled at a rate of C/10
and 45 °C with a charge capacity limitation of 240 mAh/gycym
(~87% SOC). The voltage profile is displayed in Figure 2a. As
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Figure 2. (a) Electrochemical trace of a lig-LIB cell cycled using a
charge capacity limitation of 240 mAh/gycy and the corresponding
time-resolved (b) '>CO,, *CO,, and (c) O, evolution rates.

shown in Figure 2b, both 2CO, and *CO, evolution at the
end of charge/beginning of discharge can be spotted, with
onset potentials of ~4.2 and ~4.4 V versus Li"/Li, respectively.
This result indicates that decomposition of LPS7 electrolyte
occurs prior to Li,CO; decomposition, in agreement with
literature.'” At first sight, in contrast to the SSB cells, the
quantity of evolved '>CO, seems greater than that of *CO,,
which can be attributed to the additional contribution from the
(electro)chemical decomposition of the carbonate-based liquid
electrolyte, accounting for >CO, formation (note that, because
of the isotopic labeling, Li,CO; decomposition is mainly
responsible for '*CO, evolution).””** Moreover, in line with
previous literature reports, O, evolution arises at an onset
potential of ~4.6 V versus Li*/Li (Figure 2c), referring to
~83% SOC."” We also observed H, and CO evolution (Figure
S$4), typically originating from the reductive decomposition of
the liquid electrolyte and/or trace water.” However, with their
maximum amplitude occurring near the end of charge, it is
more likely that these are stemming from oxidative electrolyte
decomposition processes, with CO being a direct product'”"’
and H, an indirect product, arising from the reduction of
protic species that are formed at the positive electrode and
diffuse to the negative electrode.” The apparent time-shift
between the peaks of CO and H, (with H, evolving slightly
later than CO) supports this hypothesis.

Because the SSB and lig-LIB cells show common CO, and
O, evolution, the total quantity of evolved gases in the initial
cycle can be compared (Figure 3). Note that the lig-LIBs were
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Figure 3. Total quantity of ?CO,, *CO,, and O, evolved during the
initial charge/discharge cycle at 45 °C of SSB and lig-LIB cells. Error
bars indicate the standard deviation of two independent measure-
ments.

charged using a specific capacity limitation of 240 mAh/gycym
to achieve a similar SOC to the SSBs. Although the latter cells
showed slightly lower specific capacities, ranging from 210 to
230 mAh/gycy, inhomogeneities in SOC of the NCM622
particles, especially for pelletized SSB cells, are inevitable,'*~>°
warranting such comparison.

First of all, in the case of the LP57 electrolyte, the '*CO,
amount was significantly larger (~49 umol/gycy), compared
to ~1 umol/gycy for the SSB cells. As mentioned above, this
is because of decomposition of the carbonate-based liquid
electrolyte, mainly contributing to '*CO, formation. As the
carbonate surface species were labeled with *C, *CO,
evolution can be attributed unambiguously to the electro-
chemical decomposition of Li,COs. For the lig-LIB cells, about
an order of magnitude more *CO, evolved compared with the
SSB cells (~30 vs 3—4 umol/gycy). We suspect that this
difference is due to (i) better ionic and electronic percolation
in the liq-LIB electrode and/or (ii) trapping of CO, by the
solid electrolyte (pore blocking or physisorption/chemisorp-
tion) and/or (iii) formation of solid side products in the case
of the SSB cells. The fraction of >CO, to the total quantity of
evolved CO, ["*C/(**C+"3C)] was ~0.08 in the pristine '*C-
labeled NCM622 (from acid titration measurements).
However, for the first-cycle gas evolution, it was much larger
than expected at ~0.18 (from DEMS measurements). The
reason is unclear at present but may be related to the unique
surface structure and/or partial oxidation of Super C65 carbon
black in the SSB cathode composites.

Moreover, the amount of released O, was similar for the
different SSB cells (~2 gmol/gycy). For the lig-LIB cells, it
was more than an order of magnitude lower. Nevertheless, in
the case of the LPS7 electrolyte, the virtually total
consumption of released O, through side reactions with the
carbonate liquid electrolyte, leading to '*CO, and CO
formation, among others, must be taken into account.'”°
Note that such phenomenon is also responsible for the
occasional absence of the O, signal (below the detection limit).
Similar reactions seem to occur for the SSB cells. This means
that part of the released 'O, undergoes follow-up reactions,
leading to formation of either SO, or solid products as
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mentioned above; however, it is not as pronounced as for the
lig-LIB cells because gas/liquid reactions tend to be kinetically
favored over gas/solid reactions.

Li,CO; contaminants on Ni-rich and Li/Mn-rich cathode
materials have been recognized lately as accounting for CO,
evolution, especially during the initial cycle of lig-LIBs, and as
being responsible for 'O, formation.”'”'® Both to further
clarify the role of such surface residuals in the CO, release and
to identify unique characteristics for the SSB cells, we
quantitatively determined the amount of Li,CO; present on
the NCM622 cathode material by acid titration measurements
prior to and after cycling (Figure 4 and Table S1) and
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Figure 4. Amount of Li,'*CO; on the NCM622 cathode material
before and after cycling from acid titration measurements compared
to the cumulative amount of '*CO, from DEMS. Error bars indicate
the standard deviation of two independent measurements.

compared this with the DEMS results. We focus only on
13CO,, as 1°C is the major species within the surface layer after
tailored formation of Li,'*CO; and thus can be considered
representative for the carbonate contaminants in this case. The
amount of artificially grown Li,'*CO; on the NCM622
particles was determined to be ~102 umol/gycy. After
electrode preparation (referred to as prerun), this initial
value was strongly decreased to ~63 umol/gycy for f-LiyPS,
and slightly decreased to ~89 and ~92 umol/gycy for
LigPS;Cl and the tape-cast electrodes used in the lig-LIB cells,
respectively. This implies that some of the carbonate species
on the NCM622 surface react with the p-LiyPS, solid
electrolyte during preparation of the cathode composite,
forming gaseous and/or solid side products. However, their
nature remains elusive at present. After the initial cycle
(referred to as postrun), a further reduction in Li,'*CO,
amount, because of electrochemical decomposition, was
observed in all cases. Note that chemical decomposition due
to reaction with HF, for example, is also feasible for the liq-LIB
cells. In particular, it diminished to ~56, ~72, and ~24 umol/
gnem for f-LisPS,, LigPSsCl, and LPS7 electrolyte, respectively.
This foremost suggests higher connectivity between the
NCM622 particles and the electrolyte in the lig-LIB cells
(i.e., better electrochemical addressability of the active material
and therefore Li,"*CO,), which does not come as a surprise
though, as inhomogeneities pertaining to inactive (electrically
isolated) cathode material in pelletized SSB cells have been
reported.'*™*” Moreover, this observation is in line with recent
reports that most of the carbonate surface s?ecies are
decomposed during the initial cycle for lig-LIBs.”"

20466

Adding up the total quantity of evolved *CO, from DEMS
and the amount of Li,"*CO; deduced from acid titration
measurements after the initial cycle (postrun) should yield a
similar amount of Li,"?CO; to that obtained for the as-
prepared cathodes (prerun). However, there are apparent
discrepancies, ranging from <15% for f-Li;PS, and LigPS;Cl to
~40% for the LPS7 electrolyte. Such discrepancies are
probably due to differences in reactivity of the electrolytes
tested and/or partial solubility of CO, in the case of the liquid
electrolyte. In addition, the altered local environment of *C in
the tape-cast electrodes, resulting from the presence of graphite
additive and polyvinylidene difluoride binder, may also play a
role.

B CONCLUSIONS

In summary, we have shown common CO, and O, evolution
upon cycling of LIB cells using a Ni-rich layered oxide cathode
material (NCM622) and either a liquid (LPS7) or solid
electrolyte (-Li;PS, or LigPS;Cl). Both species originate from
the electrochemical decomposition of Li,CO; surface con-
taminants and/or O, release from the NCM lattice at high
SOC. Oxidative decomposition of the liquid electrolyte also
contributes to CO, evolution in the lig-LIB cells, amounting to
a significant share of the total quantity of evolved gases. From a
numbers perspective, the cumulative amount of gases released
during the initial cycle is more than an order of magnitude
larger for the lig-LIB than SSB cells. Moreover, we show that
SO, evolution may occur in lithium thiophosphate-based SSBs,
its origin being related to the chemical reaction between O,,
probably '0,, and the solid electrolyte.

In a wider context, our work broadens the picture of the
implications of gas evolution in LIBs. From an application
perspective, gassing of SSBs appears to be less critical than for
lig-LIBs, because far less gaseous species are generated during
cycling. However, the effect that solid electrolytes and
especially surface-modified active materials can have on the
gassing behavior calls for future studies to explore the complex
interplay between interface/interphase formation and impe-
dance buildup, among others.
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solid electrolyte and the corresponding time-resolved H, evolution rate and ion current
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Table S1. Amount of 3CO, evolved from the pristine and cycled NCM622 (in SSB and
lig-LIB cells) as determined from acid titration and the respective calculated amount of
Li,'3CO, present on the different samples.

Sample miz =45/ Gas evolution / Li,"3CO; /
d pmol MmMol/gnem wt. %

LisPSsCl_pre-run

LisPSsCl_post-run
-LisPS,_pre-run

-Li;PS,4_post-run
Liq_pre-run
Lig_post-run

Sl-4
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4.2. Design-of-experiments-guided optimization of slurry-cast cathodes
for solid-state batteries

As mentioned in our previous publication on the importance of understanding all-solid-
state batteries (SSBs) from an industrial-scale perspective, we attempt to further
expand our lab's expertise and know-how in an extremely crucial stage of the scaling
up of SSBs. This stage overlooks the transition of bulk-type SSBs from lab-scale
powder-based pelletized cells to industrial-scale slurry-cast electrodes. Publication 2
reports an approach guided by design-of-experiments (DoE) to evaluate the influence
of the typel/content of polymer binder and conductive additive on both the
electrochemistry and mechanical properties of the electrode sheet. The advantage of
a DoE-approach is the reduction of experimental sets without compromising the
information quality. Furthermore, the extrapolated results from the DoE in this study
was supported by a combination of ex situ and in situ experimental analysis
techniques. Unsurprisingly, given our expertise in gas analysis, in situ DEMS was also
one of the techniques employed in the evaluation of the DoE results.

The designed set of experiments was able to screen three different types of binder,
two different conductive carbon additives and their respective contents: OPN (Oppanol
N 150 from BASF), SBR (45wt% styrene from Sigma Aldrich), hNBR (Therban LT 1707
VP from Arlanxeo), Super C65 carbon black (Timcal) and VGCF. Electrode sheets with
Liz+x(Nio.sC00.2Mno.2)1-xO2 (NCM622), LisPS4 solid electrolyte (SE), binder and carbon
additive were prepared according to the designed experimental sets and underwent
mechanical and electrochemical tests. The results of these tests were then input back
into the statistical software JMP14 (SAS Institute Inc.), which allowed us to build a
simple linear model that enables the prediction and optimization of our materials’
combination. Depending on the optimization goal, the results will differ. Our study
showed that when optimizing with regards to just electrochemical performance, the
combination of 1 wt% OPN binder with 0.5 wt% VGCF conductive additive yielded the
highest discharge capacities. In contrast, when optimizing to both mechanical and
electrochemical performance, the best combination is composed of 2.7 wt% OPN with
0.5 wt% VGCEF. These results reflect that the bottleneck of electrode fabrication lies in
the minimum required amount of polymeric binder in order to achieve mechanical
stability.

In order to support the extrapolated combination from the statistical model, a
combination of ex situ and in situ experimental techniques were employed. First,
galvanostatic cycling data showed an obvious difference in discharge capacities, with
OPN-electrodes outperforming both SBR- and hNBR-electrodes. In addition, the first
cycle Coulombic efficiency (CE) decreased in the following order OPN>SBR>hNBR,
which indicated an improved electrochemical stability for the OPN-electrode. Second,
electrochemical impedance spectroscopy (EIS) conducted on cycled cells showed an
increase in both the cathode interfacial resistance (Rcawse) and the solid electrolyte
grain boundary resistance (Rgb) in the following order OPN>SBR>hNBR. The reduced
Rcamise further support the argument of an improve electrochemical stability and that
the addition of SBR or hNBR to the electrode contributed to a destabilization of the
components. Such destabilization could be supported by the high Rgp for the hNBR-
electrode and can be explained by a stronger coverage of the non-ionically conducting
hNBR polymer via ion dipole interactions between the lithium ions of the SE and the
nitrile functional side group of hNBR. Ultimately, the limited chemical/physical
interactions of the OPN binder with the SE is believed to play a crucial role in its
excellent electrochemical performance. Third, through a combination of scanning
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electron microscopy (SEM)/ energy-dispersive X-ray spectroscopy (EDS) and post-
mortem X-ray diffraction (XRD), inhomogeneities were confirmed to play only a minor
role in the electrochemical performance and should not account for the large
discrepancy in electrochemical performance among the three binders. Lastly,
differential electrochemical mass spectrometry (DEMS) was used to evaluate the
binder stability by analyzing released gases that originate from side reactions
(specifically with the reactive singlet oxygen, 102). With the incorporation of an
additional carbon-containing component (binder) to the system, we will be looking at
both the CO2 and SO:2 evolution behavior. Interestingly, SBR-electrodes show a
depressed SO:2 signal coupled with a larger CO:2 signal peak at the highest state of
charge (SOC). This observation indicates to us a preferential reaction of the reactive
oxygen on the SBR binder, which among the three is the only one who possesses an
alkene chain (units). The negative influences of hNBR on the electrode was further
seen with DEMS, where a very distinct SOz signal was measured for hnNBR-electrodes,
despite a non-proportional release of O2. Despite having a lower SOC and lesser 02
evolution, it showed a comparable SO: signal intensity to that of OPN-electrodes,
which again suggests a more chemically active thiophosphates with respect to Oz. In
conclusion, the various analysis techniques used corroborated the robustness of the
model.

All the measurements, evaluation and writing for Publication 2 were conducted by me.
The work was supervised by Prof. Dr. Jurgen Janek, Dr. Pascal Hartmann, Dr. Matteo
Bianchini and Dr. Torsten Brezesinski. The final paper was then edited by eight co-
authors.

Reprinted by permission from (Teo, J. H., Strauss, F., Tripkovi¢, D., Schweidler, S.,
Ma, Y., Bianchini, M., Janek, J., Brezesinski, T.) Design-of-experiments-guided
optimization of slurry-cast cathodes for solid-state batteries. Cell Rep. Phys. Sci. 2021,
2, 100465) Copyright © 2021 The Authors.

50



4.2 Results and Discussion — Design-of-experiments-guided optimization of slurry-cast

cathodes for solid-state batteries

Cell Rer_mrts ]
Physical Science

e CellPress -
OPEN ACCESS

Design-of-experiments-guided optimization
of slurry-cast cathodes for solid-state batteries

Electrochemical testing

Gas
analysis

AN
S
P
/

Optimization

/
O

-
.
.
-

Teo et al. apply a statistical approach, DoE, to facilitate the transition from
pelletized to slurry-cast cathodes for solid-state batteries. Datasets from
electrochemical and mechanical tests are used to build a model that allows
effective tailoring of the slurry recipe. The DoE predictions/results are evaluated
using various analytical techniques.

Jun Hao Teo, Florian Strauss,
Pordije Tripkovig, ..., Matteo
Bianchini, Jirgen Janek, Torsten

Brezesinski

jun.teo@kit.edu (J.H.T.)
juergen.janek@kit.edu (J.J.)
torsten.brezesinski@kit.edu (T.B.)

Highlights

Statistical optimization of slurry-
cast NCM cathodes for solid-state
batteries

Cycling performance and
processability correlate with
binder chemistry and content

Design of experiments (DoE)
results are corroborated
experimentally

Operando gas analysis reveals
(electro-)chemical binder
instability

Teo et al., Cell Reports Physical Science 2,
100465

June 23, 2021 © 2021 The Authors
https://doi.org/10.1016/j.xcrp.2021.100465

i

51



4.2 Results and Discussion — Design-of-experiments-guided optimization of slurry-cast

cathodes for solid-state batteries

Cell Reeorts .
Physical Science

¢? CellPress

OPEN ACCESS

Désign-of—experiments-guided optimization
of slurry-cast cathodes for solid-state batteries

Jun Hao Teo,"** Florian Strauss,' Pordije Tripkovi¢,” Simon Schweidler,” Yuan Ma,’

Matteo Bianchini,'# Jirgen Janek,'*** and Torsten Brezesinski'~*

SUMMARY

Laboratory research into bulk-type solid-state batteries (SSBs) has
been focused predominantly on powder-based, pelletized cells
and has been sufficient to evaluate fundamental limitations and
tailor the constituents to some degree. However, to improve exper-
imental reliability and for commercial implementation of this tech-
nology, competitive slurry-cast electrodes are required. Here, we
report on the application of an approach guided by design of exper-
iments (DoE) to evaluate the influence of the type/content of poly-
mer binder and conductive carbon additive on the cyclability and
processability of Lij.x(Nig ¢C0p.2Mng 2)1 xO2 (NCM622) cathodes in
SSB cells using lithium thiophosphate solid electrolytes. The predic-
tions are verified by charge-discharge and impedance spectroscopy
measurements. Furthermore, structural changes and gas evolution
are monitored via X-ray diffraction and differential electrochemical
mass spectrometry, respectively, in an attempt to rationalize and
support the DoE results. In summary, the optimized combination of
polymer binder and conductive carbon additive leads to high elec-
trochemical performance and good processability.

INTRODUCTION

Advances in electrochemical energy storage have been going at breakneck pace in
recent years. This is largely attributed to progress in mobile devices. Conventional
Li-ion batteries (LIBs) have played a major role in improving connectivity in a global-
ized world. As battery technologies progressed, novel concepts of integrating them
into existing systems have emerged, ranging from solving environmental problems
to revolutionizing the century-old automobile industry. State-of-the-art LIBs remain
the first choice for energy-storage systems. However, LIBs have limitations. First,
they do not yet possess the desired energy and power densities for mobility and
transportation applications. Second, they possess an inherent safety concern
because of the flammable components in the system, which have led to well-docu-
mented spontaneous combustion and explosions.’

Solid-state batteries (SSBs) are widely seen as the next generation of lithium batte-
ries that could potentially overcome the previously mentioned limitations.” SSBs
may possess increased power and energy densities, improved safety conditions,
and a larger operating temperature window. These advantages would allow them
to be used in a wider range of applications. The main components of SSBs are the
cathode composite, the solid-electrolyte separator layer, and the anode composite
(or Li metal). The cathode composite is a solid dispersion of solid electrolyte, active
material, and additives. The separator layer is a densely packed solid electrolyte with
sufficient mechanical stability and high tolerance against dendrite growth, in the
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case of a Li metal anode.” In contrast, LIBs have a porous separator filled with flam-
mable organic electrolyte.

There are two main groups of solid electrolytes under consideration for next-gener-
ation SSBs, namely, sulfides/oxides (glasses, ceramics, and glass-ceramics) and
polymers. Each has advantages and disadvantages. The sulfide (thiophosphate)
solid electrolytes have high room-temperature ionic conductivities” and low elastic-
ity moduli and shear strengths,*” and they possess good processability at low tem-
peratures. However, they are highly reactive under ambient conditions, requiring
them to be processed in a dry environment. In addition, the reaction with water (at-
mospheric conditions) generates toxic gases such as H,S, thus contributing to a
potentially new safety issue. Moreover, sulfide solid electrolytes have narrow elec-
trochemical stability windows and show significant interfacial reactivity at both low
and high voltages.® In contrast, the oxide ceramic electrolytes are relatively more
stable under ambient conditions and do not generate toxic gases when exposed
to humidity. Their electrochemical stability windows are also larger compared with
those of sulfides. However, they possess lower room-temperature ionic conductiv-
ities, are brittle, and typically synthesized at high temperatures. Furthermore, pro-
cessing of oxide solid-electrolyte SSBs is extremely challenging. Oxides are true
ceramic materials with high elasticity moduli and shear strengths, making the forma-
tion of low-impedance interfaces between the solid electrolyte and the cathode
active material (CAM) achievable only at high temperatures.” Lastly, the polymers
are often considered ideal solid electrolytes, possessing strong dendrite growth
resistance and improved safety and reliability, but they still show too low
conductivity.”’

In the last few years, there has been an exponential growth in the research and devel-
opment of predominantly powder-based, pelletized SSBs, ranging from the tailored
composition of the cathode composite,'”'" particle size,'* cell-fabrication pres-
sure,'” and stack pressure applied during electrochemical cycling'*~"” to the oper-
ation temperature.’® Such cells often show good electrochemical performance.
However, those that are typically used on a laboratory level are not scalable. Further-
more, variances between assembled SSBs are commonly observed for pelletized
cells, resulting in discrepancies of experimental results. To be cost competitive
with LIBs and exhibit improved reliability, SSBs have to transition toward sheet-
based designs.

The concept of sheet-based (sulfide) SSBs has been thoroughly discussed and is re-
garded as feasible.'”“” However, although there are almost three decades of expe-
rience in processing of porous electrode sheets for LIB applications, there is little
experience in processing of compact solid-state electrode sheets. And there are still
numerous challenges for the production of sheet-based SSBs, the first of which is the
formulation of a slurry recipe (choice of solvent, cathode components, etc.). For
example, the application of sulfide solid electrolytes requires solvents to be nonpolar
to avoid unwanted side reactions. Consequently, the polymer binders have to be
nonreactive, are preferably soluble in nonpolar solvents, and should provide suffi-
cient mechanical stability to the fabricated electrode sheets and not severely affect
the ionic conductivity of the solid electrolyte.”’ Furthermore, binders have different
functional groups, and it is crucial to understand their interaction with the different
components in the cathode composite and how that influences the SSB operation.

The combinations of solvent and binder alone highlight the considerable number of
parameters (viscosity, adhesion force, etc.) contributing to the electrode quality and
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ultimately the electrochemical performance. Under normal circumstances, the num-
ber of experiments required increases on a factorial scale with the number of param-
eters under consideration. In addition, when dealing with a large dataset, with large
numbers of possible combinations between parameters, important correlations
among them may be missed. Here we use a design of experiments (DoE) approach
to tailor the cathode-composite-sheet preparation process for improved electro-
chemical performance. DoE is a well-established method for optimizing experi-
mental sets with the goal of maximizing statistical power and/or minimizing the
number of trials. We exploit DoE to reduce the number of experiments without
compromising information quality (statistical power) due to the relatively cost- and
labor-intensive process of electrode-sheet preparation.

In this work, we describe the screening of different types of polymer binders and car-
bon additives and their respective contents with the help of a DoE approach (we
have several fixed parameters for the slurry recipe, such as the choice of solvent
and cathode active material). Three candidates for binders and two candidates for
additives are selected, and the design is evaluated using the statistical software
JMP 14 (SAS Institute Inc.). A set number of electrode sheets are created with various
combinations of the binder type/content and carbon type/content, which are sub-
jected to electrochemical and mechanical tests in SSB full cells with a carbon-coated
Li4TisO42 (LTO) anode. We then feed this data back into the software to build a sim-
ple linear model that allows the prediction and optimization of the materials’ com-
bination. Finally, we use a combination of ex situ and operando techniques to better
understand the cell cyclability and justify the predictions.

RESULTS AND DISCUSSION

DoE approach

The goal of the present DoE-guided approach was the optimization of slurry-cast cath-
odes for application in SSBs with regard to the type and content of polymer binder and
carbon additive (Scheme 1). The first step involved defining the experimental condi-
tions. As mentioned, we focused mainly on the variation of the material-related param-
eters and therefore fixed the process-related ones. The material-related parameters
were defined as follows: (1) carbon type (Super Cé5 carbon black or vapor-grown car-
bon fibers [VGCF)) in categorical roles, (2) carbon content (0.5-1.5 wt %) in continuous
roles, (3) binder type (polyisobutene [OPN], poly(styrene-co-butadiene) rubber [SBR],
or hydrogenated nitrile butadiene rubber [nNBR]) in categorical roles, and (4) binder
content (1.0-3.0 wt %) in continuous roles, with “categorical” implying that the variables
are represented as they are and “continuous” implying that the variables can be set to
any value between the lower and the upper limits. These made up the first input vari-
ables needed for the program to design a set of experiments. The required number
of runs in this study was 23 (Table S1). Then, all experiments were carried out, and
the results were evaluated in terms of capacity retention and specific discharge capacity
after 20 cycles and mechanical properties (bendability and punchability of the cathode
sheet). These formed the second set of input variables. After preparing all 23 electrodes
(details in the Supplemental Experimental Procedures) and performing the necessary
tests, the results were analyzed in JMP 14. To probe the possible interactions among
variables, we used the response surface model (RSM) to fit the data. While evaluating
the model, it is crucial to avoid overfitting. Overfitted models are unnecessarily com-
plex. They fit better to the dataset but produce poorer predictions. A way to avoid over-
fitting is to remove variables of small significance, resulting in a more robust model
while maintaining a high adjusted R? value. The p value represents the probability of
an outcome under the assumption that the null hypothesis is true. In this study, the
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Solid electrolyte:
B-Li,PS, (Li,PS.Cl)

Define Cathode material:
parameters NCM622

Carbon additive:
Super C65 or VGCF

Polymer binder:
OPN, SBR or hNBR

o e
Build

to

Run the
1.5wt% the DoE JMP experiments

Input electrochemical & mechanical performance

JMP Fit the model

Output variables

(to be optimized)

Output variables
(optimized)

Predictive analytics
Input variables Input variables

Scheme 1. Schematic overview of the DoE-guided approach for tailoring of slurry-cast cathodes
in SSBs

null hypothesis was defined as “The input variables (with/without their interactions) do
not influence the electrochemical performance and processability of the cathode
sheet.” A high p value for an input variable would mean that it does not strongly affect
the electrochemical performance and processability of the cathode sheet. Hence, vari-
ables with p > 0.05 were removed from consideration when building the model. An
advantage of using the adjusted R? value over the R? value is that it takes interactions
among variables into accountand is a better representation of a model that has multiple
variables. The closer the adjusted R? value is to 100%, the better the model is at predict-
ing the output variables.

For high prediction power, the number of parameters was reduced to eight and six
for the capacity retention and specific discharge capacity, respectively. When
considering both electrochemistry and mechanical outputs, the minimum number
of parameters required was six (Table S2).

Optimizing for electrochemical performance

Monitoring capacity retention helps to quantify the cell degradation, whereas the
specific discharge capacity is an indication of the practical energy storage capability
of the cell. In general, the large scattering of the electrochemical performance
among cells of different binder/carbon combinations already indicates the strong
dependence on the material type and content (Figure S1). To gain more insight
on how each parameter affects the electrochemical performance, the selected pa-
rameters from all 23 cells were fed into the statistical program to create prediction
profiles independent from one another.

The plots in Figure 1 show the corresponding combinations of material parameters
and their influence on the specific discharge capacity and capacity retention. The
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Figure 1. Prediction profiles generated for the optimization of electrochemical performance

The optimum combinations for (A-D) 20"‘-cyc|e specific discharge capacity and (E-H) capacity retention after 20 cycles are extrapolated to be OPN (1.0

wt %)/VGCF (0.5 wt %) and hNBR (1.0 wt %)/VGCF (0.5 wt %), respectively.

steeper the slope of the line, the larger the influence of the parameter. The intersec-
tion with the dashed red lines represents the optimal value for the respective vari-
able. The blue lines for the binder and carbon type represent the 95% confidence
interval for each categorical value. For the binder and carbon content, the gray areas
encompassed by the blue curves represent the 95% confidence band on a contin-
uous level. Looking at the generated profiles, the magnitude of influence of the input
variables on both the specific discharge capacity and the capacity retention de-
creases from binder type to binder content, to carbon type, and lastly to carbon con-
tent. The optimal recipe shown in Figures 1A-1D to maximize the specific discharge
capacity predicted achieving ~96 mAh/gncmez2 after 20 cycles. This recipe would
require OPN as the polymer binder and VGCF as the conductive additive, with con-
tents of 1.0 and 0.5 wt %, respectively. In comparison, when optimizing for capacity
retention (Figures 1E~1H), a recipe resulting in ~97% would require a combination of
1.0 wt % hNBR and 0.5 wt % VGCF.

In summary, the only difference in the independent optimization of these two elec-
trochemical parameters was the binder material (Figures 1A and 1E). For optimized
capacity retention, apparently hNBR yielded the best result. However, the main
reason for this is that the initial specific discharge capacity was the lowest among
the three binder types (~30 mAh/gncmez2 lower than for OPN). In both cases, the
optimal value for binder was 1.0 wt % (Figures 1B and 1F). The need for low binder
content can be attributed to the employed polymers being insulating in nature, and
high content increases the resistance by impeding charge transfer.”*** However, in
comparing the slope for binder content, a larger influence on capacity retention than

Cell Reports Physical Science 2, 100465, June 23, 2021

5

56



4.2 Results and Discussion — Design-of-experiments-guided optimization of slurry-cast
cathodes for solid-state batteries

Cell Reports

¢? CelPress Physical Science
OPEN ACCESS

140 e
o
= ¢ =
< 120- . » ¢ Tz
-~ <—l o ® ee® ©04o,° L; ‘g':)
= @ e [
> . Q0
.gmo_ '0000000000000¢.00(99§‘5’
3 ° OPN ]
8 (3}

80+ % 8
[0) <
K ;
g O

=)

5 60 % 8
R =
a

40 T T ) y x

0 4 8 12 16 2
Cycle number
Figure 2. Cycling performance of electrochemically optimized cathodes

Specific discharge capacity (dark blue) over 20 cycles and corresponding Coulombic efficiency
(light blue) of a slurry-cast cathode (uncoated NCM622, B-Li3PS,) with OPN binder (1.0 wt %) and
VGCF conductive additive (0.5 wt %). LTO and B-Li3PS4 served as the pellet anode and solid-
electrolyte separator, respectively, in the SSB cell. The electrochemical data represent the optimal
recipe for maximum capacity and correspond to DoE run 1 (see Table S1).

on specific discharge capacity is apparent. The profiles (along the x axis) are interde-
pendent, and the steeper slope could result from its dependence on hNBR as the
choice of binder. As for carbon-related parameters, VGCF was chosen as the optimal
choice in both cases (Figures 1C and 1G). This can be explained, at least partly, by its
lower specific surface area compared with Super C65 (by a factor of ~6). It has been
reported recently that the presence of carbon additives may potentially activate and
accelerate the formation of decomposition products,”*““ which leads to impedance
buildup. A lower specific surface area may reduce the number of contact points be-
tween the electronically conductive carbon and the thiophosphate solid-electrolyte
particles, thereby reducing the probability of side reactions.”’-** Lastly, carbon con-
tent of 0.5 wt % was found to be optimal in both cases (Figures 1D and 1H). The more
gradual slope compared with the other parameters reveals that it has a minor influ-
ence on the overall electrochemical performance of the cell.

In the present work, the specific discharge capacity was chosen to represent the electro-
chemical performance, because the capacity retention was not an accurate starting
indicator. This is because a low-capacity cell would show inherently higher capacity
retention. However, capacity retention could work as a second indicator for cells deliv-
ering similar discharge capacities. Hence, in this study, the SSB cell optimized for elec-
trochemical performance is based on the specific discharge capacity and is represented
by a slurry-cast cathode with 1.0 wt % OPN and 0.5 wt % VGCF. This recipe has been
investigated in one of the 23 experimental runs (DoE run 1, see Table S1). The cyclability
at a rate of C/10 and 25°C of the cell using uncoated Li1.x(NigsC002Mng2)1_xO2
(NCM622) CAM (~12 mgncmszz/cm? areal loading) is shown in Figure 2, in which the
initial specific charge and discharge capacities amounted to ~157 and 103 mAh/
Ineme22, respectively, corresponding to ~66% Coulombic efficiency. The Coulombic ef-
ficiency stabilized above 99% after four cycles. After 20 cycles, the capacity decayed to
~96 mAh/gncmez2. This correlates with a fade rate per cycle of ~0.36%.

Optimizing for electrochemical performance and processability
Optimization for electrochemical performance established that low binder content is
necessary for optimum cyclability. However, slurry-cast cathodes with low binder
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Figure 3. Prediction profiles generated for the optimization of electrochemical performance and processability

The optimum combination for the (A, D, G, and J) 20"‘-cycle specific discharge capacity, (B, E, H, and K) bending test, and (C, F, |, and L) punching test is
OPN (2.7 wt %)/VGCF (0.5 wt %). The scale used for the bending and punching tests is detailed in the Experimental Procedures and Figure S2.

content are usually prone to delamination and cracking during cell preparation. For
practical applications, the electrodes have to be mechanically stable to fulfill the require-
ments for roll-to-roll processing. The mechanical stability was probed via two in-house
mechanical tests (Figure $2), which simulated common stages in an industrial fabrication
process.'” The scaling values from 1 to 4 were defined as being continuous and should
be considered goodness values (they do not represent the theoretical upper and lower
limits). In fact, JMP 14 extrapolated a system with processability above our set limit,
which meant a slurry-cast cathode with mechanical properties better than what was
observed during testing. For electrochemical performance, the 20™-cycle specific
discharge capacity was chosen as the only input variable for the reasons explained
earlier. Bending and punching tests were used as input variables to represent the pro-
cessability of the electrode sheets. The generated profiles in Figure 3 show that there
are certain trade-offs to be expected among the material-related variables. OPN binder
was found to be the preferred choice for achieving slurry-cast cathodes with both good
electrochemical performance and good processability. The profiles indicate that the
choice of binder is the bottleneck for electrochemical performance (Figure 3A) but
only plays a minor role in processability (Figures 3B and 3C). However, the profiles for
binder content display a small influence on electrochemical performance (Figure 3D),
whereas the content is a significant bottleneck for processability (Figures 3E and 3F).
Both bending and punching tests indicated that higher binder content is necessary
for optimum processability. A larger fraction of polymer binder leads to a more
compliant and processable system. However, in exchange for improved processability,
the electrochemical performance would be negatively affected. To optimize for both
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Figure 4. Cycling performance of electrochemically and pr: ability optimized cathod

Specific discharge capacity (dark blue) over 20 cycles and corresponding Coulombic efficiency (light blue) of
a slurry-cast cathode (uncoated NCMé622, B-Li3PS,) with OPN binder (2.7 wt %) and VGCF conductive
additive (0.5 wt %). LTO and B-Li3PS, served as the pellet anode and solid-electrolyte separator,
respectively, in the SSB cell. The electrochemical data represent the extrapolated optimum combination for
maximum electrochemical performance and processability.

electrochemical performance and processability, a recipe with 2.7 wt % binder content
would be required. This trade-off between electrochemical performance and mechan-
ical stability is also in agreement with modeling studies performed on composite
cathodes in SSBs.”” As for carbon-related parameters (Figures 3G-3L), the slope in
the prediction profiles is generally flatter than that of the binder-related parameters,
suggesting a smaller degree of influence on both the electrochemical performance
and the processability of the cathode sheets. Nevertheless, VGCF with content of 0.5
wt % was chosen as the optimized fraction of conductive additive.

In summary, the optimized recipe regarding electrochemical performance and cath-
ode processability was equally composed of 2.7 wt % OPN and 0.5 wt % VGCF. This
is somewhat different from the recipe that was solely optimized with regard to elec-
trochemical performance, in which only 1.0 wt % OPN was included. The VGCF con-
tent was similar for both recipes.

Representative cycling data at a rate of C/10 and 25°C of the SSB cell using uncoated
NCM622 CAM (optimized for both electrochemistry and processability) are shown in
Figure 4. The initial specific charge and discharge capacities were ~147 and 107
mAh/gncmesz2, respectively, corresponding to ~73% Coulombic efficiency. We hypoth-
esize that the higher Coulombic efficiency (by ~7%) results from more extensive
coverage of the NCM622 secondary particles with polymer binder, i.e., fewer solid elec-
trolyte/CAM contact points for performance-decreasing (electro-)chemical reactions to
occur. After 20 cycles, the capacity decayed to ~90 mAh/gncmez2. This correspondsto a
fade rate per cycle of ~0.84%, which is about twice that of the cell optimized for electro-
chemical performance only. With a measured 20"-cycle specific discharge capacity of
~90 mAh/gncmez2, compared with the extrapolated value of 93 mAh/gncme22, this sug-
gests that the model built in JMP 14 from the DoE approach is quite robust. The long-
term cycling performance is shown in Figure S3.

Investigating binder limitations
Applying the DoE approach led us to an optimized recipe for the fabrication of
slurry-cast NCM622 cathodes. As we have shown, both binder type and content
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Figure 5. Cycling performance of SSB cells using different polymer binders

(A) First-cycle charge/discharge curves of slurry-cast cathodes (uncoated NCM622, B-Li3PS,) with
2.0 wt % polymer binder (blue, OPN; green, SBR; pink, hNBR) and 1.0 wt % VGCF conductive
additive. LTO and LisPSsCl served as the pellet anode and solid-electrolyte separator, respectively,
in the SSB cells.

(B) Specific discharge capacities (dark blue/green/pink) over 20 cycles and corresponding
Coulombic efficiencies (light blue/green/pink).

have the strongest influence on electrochemical performance and sheet processabil-
ity (carbon additives exert a minor influence in both cases). To understand the differ-
ences in cyclability and the role of the polymer binder, we subsequently probed the
respective SSB cells by means of electrochemical impedance spectroscopy (EIS),
electron microscopy, X-ray diffraction (XRD), and differential electrochemical mass
spectrometry (DEMS), see details in the Supplemental Experimental Procedures.
To this end, slurry-cast cathode|LisPSsCI|LTO cells were investigated, with the pos-
itive electrode consisting of uncoated NCM622, B-Li3PS,, 1.0 wt % VGCF, and 2.0 wt
% OPN, SBR, or hNBR binder. This carbon/binder combination was chosen to maxi-
mize the electrochemical performance while remaining mechanically stable and
reproducible on the laboratory level. Hence, instead of the recommended 2.7 wt
% content, a 2.0 wt % binder sheet was used. Moreover, Li,PSsCl was used in the
solid-electrolyte separator layer to minimize detrimental effects from low room-tem-
perature ionic conductivity.

Figure 5A depicts the initial charge/discharge curves at a rate of C/10 and 25°C for the
different polymer binders. As is evident, the cell containing OPN was capable of
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delivering the largest specific charge and discharge capacities of ~191 and 148 mAh/
dIncmeszz, respectively, resulting in a first-cycle Coulombic efficiency of ~77%. For
SBR, slightly lower specific capacities of ~177 and 132 mAh/gncmez2 (~75% Coulombic
efficiency) were achieved, and hNBR showed the lowest values of ~163 and 105 mAh/
Inemezz (~64% Coulombic efficiency), respectively. Apart from the binder, all other SSB
constituents were the same. Hence, one can assign differences in specific capacity and
Coulombic efficiency to the effect of the polymer binder. This implies an improved elec-
trochemical stability in the order of OPN > SBR > hNBR, because the initial Coulombic
efficiency decreased in a similar manner. On subsequent cycling, all cells underwent a
rather linear capacity fade, in which those comprising OPN or SBR lost 23%-24% of their
initial specific discharge capacity in the course of 20 cycles. The Coulombic efficiency
stabilized above 99% after six cycles (Figure 5B). In contrast, for the cell with hNBR,
the specific discharge capacity was already reduced by ~50% after 20 cycles, and the
Coulombic efficiency barely exceeded 99%.

To gain more insight into the factors leading to the differences in capacity retention, EIS
measurements were conducted at 25°C on the SSB cells after 20 cycles. The Nyquist
plots of the electrochemical impedance and the corresponding fits to the data
are shown in Figure S4. Except for OPN, the EIS data were fitted assuming an Ry +
(R2/Q)(R3/Q3) equivalent circuit. In the former case, an additional Q4 element was
included. Ry is the resistance of the bulk solid electrolyte, R; is the grain-boundary resis-
tance of the solid electrolyte, and R3 represents the cathode interfacial resistance. “The
resistances were determined by fitting semicircles to the frequency range of the respec-
tive circuit elements and taking the values of the intersection with the x axis. As ex-
pected, the bulk solid-electrolyte (separator) resistance was similar in all cases, ranging
from 43-54 Q. The calculated values for the cathode interfacial resistance were ~1,250,
1,850, and 4,200 Q for OPN-, SBR-, and hNBR-based cathodes (0.64 cm? electrode
area), respectively, confirming the results from galvanostatic cycling. Because the
tested electrodes differed solely in their polymer-binder component, the EIS data
further suggest the electrochemical stability is in the order of OPN > SBR > hNBR.
Regarding the solid-electrolyte grain-boundary resistance, values of ~250, 550, and
1,450 Q were calculated for OPN, SBR, and hNBR, respectively. The latter resistance
has been attributed in the literature to particle fracture and/or (chemo-)mechanical-
driven separation.””*” Hence, we suspect that these differences may be related to
the different binder material’s inherent capabilities to mitigate such mechanical degra-
dation/deformation. However, the coverage of the solid-electrolyte particle surface
with polymer binder, which negatively affects the ion conduction (at the grain bound-
aries), must also be taken into account and may have a large impact on the resistance.
For instance, the acrylonitrile groups of ANBR have been reported to exhibit ion-dipole
interactions with the lithium ions of thiophosphate solid electrolytes. This interaction
thus could hypothetically lead to stronger coverage, resulting in larger cathode interfa-
cial resistance.”’ However, SBR contains aromatic units as functional groups, exhibiting
weaker intermolecular forces with the solid electrolyte. OPN, which solely contains an
aliphatic hydrocarbon polymer chain without functional groups, is believed to have
the least chemical/physical interactions with the solid electrolyte.

Investigating inhomogeneities

Finally, we addressed the possibility of the different polymer binders of having an
effect on the distribution of the electrode constituents, thereby indirectly affecting
the electrochemical performance. Specifically, combined scanning electron micro-
scopy (SEM)/energy-dispersive X-ray spectroscopy (EDS) analysis was performed
on cathode cross sections. The corresponding SEM images and elemental maps
are shown in Figure S5. The cross sections revealed partial occurrence of VGCF
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agglomerates. Such agglomerates were more visible in the cathodes containing SBR
or hNBR. Overall, the SEM imaging and EDS mapping indicated that in terms of ho-
mogeneity, the carbon additive in particular is seemingly better distributed in the
cathodes using OPN. This may help in achieving improved electronic conduction,
which is especially important for sheet-based electrodes, in which insulating poly-
mer binder reduces the ionic and electronic partial conductivities. Regarding
porosity, we found no apparent difference among the three binders.

Inhomogeneity in the cathode composite may lead to the appearance of inactive
CAM fractions, causing decreased capacities.”' > The occurrence of inactive
NCMé622 can be observed from the remaining 003 reflection at the initial 26 position
(as seen for the pristine CAM). To eliminate the possibility that the differences in elec-
trochemical performance among polymer binders are related to inactive fractions of
CAM, ex situ XRD measurements were carried out. The XRD patterns for all three
slurry-cast cathodes showed a similar 003 peak shape (in charged state), with the
reflection shifted to lower 26 values (Figure Sé). This confirms the absence of inactive
NCM622. However, the asymmetric shape suggested differences in the state-of-
charge (SOC) homogeneity, as usually observed for SSBs.”" The unit-cell volume after
the first charge cycle was examined by means of Rietveld-refinement analysis. This
allowed comparison of the lattice parameters with those of NCM622 in a liquid-elec-
trolyte-based cell (used as a reference), in which conclusions can be drawn about the
degree of delithiation (Figure 57). NCM622 CAM (reference) was cycled in a half-cell
configuration under identical conditions to the SSB cells. The initial specific charge
capacities calculated from the x(Li) were ~187, 176, and 171 mAh/gncmez2 for
OPN, SBR, and hNBR, respectively. This is in good agreement with the measured
values (~196, 183, and 165 mAh/gncmez2)- Differences can be attributed to errors
in the estimation of x(Li). In addition, these estimations rely on direct comparisons be-
tween solid-electrolyte cells (ex situ) and liquid-electrolyte cells (operando) with the
same CAM, which could be unreliable because of the SSB disassembling process.
Hence, an attempt on operando XRD was made. The specialized cell setup used is
shown in Figure S8, and the analysis of the operando synchrotron data can be found
in Figure S9. Regardless, the operando XRD measurements were able to verify the ex
situ data and the SEM/EDS investigations: inactive CAM plays a minor or no role.

Investigating binder stability via gas evolution

Gas evolution during electrochemical cycling has been reported to adversely affect
the state of health of batteries. Although it is not as apparent as in liquid-electrolyte-
based cells, gassing occurs for SSBs in the first few cycles. Overall, material degra-
dation from the reaction of released gases with the electrode constituents appears
to be less significant for the latter cells. Nevertheless, the sulfide solid electrolytes
are degrading over time as a result of outgassing of the active material.

Together with the results from EIS, XRD, and SEM, we assume that differences in the
chemical/electrochemical stability of the polymer binder in the system have a signif-
icant influence on the overall performance of the SSB cells. Operando gassing
studies via DEMS were thus performed to determine the stability of the different
binders based on the resulting gas evolution. To this end, NCM622 was cycled at
a rate of C/20 and 45°C in the voltage range of 2.9-5.0 V versus Li*/Li. The higher
charge cutoff voltage (5.0 versus 4.4 V) and temperature (45°C versus 25°C) were
chosen with the intention of increasing the evolution of highly reactive singlet oxy-
gen ('O,) from the CAM lattice and observing its potential influence on the compo-
nents in the cathode sheets, especially the binder material. The respective cells were
cycled for three cycles, and gas evolution was observed with decreasing amounts in
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Figure 6. Gassing behavior of SSB cells using different polymer binders

(A-C) Voltage profiles and corresponding time-resolved evolution rates (left y axis) and cumulative amounts (right y axis) for (D-F) Hp, (G-I) O,, and (J-L)
COs, as well as the normalized ion currents for (M-0O) SO,. The SSB cells consisted of a slurry-cast cathode (uncoated NCM622, B-Li3PS,) with 2.0 wt %
OPN, SBR, or hNBR binder and 1.0 wt % VGCF conductive additive, a LisPSsCl solid-electrolyte pellet separator, and an indium anode.

consecutive cycles at increasing onset voltages (from ~4.3 to 4.6/4.8 V) (Figures 6A-
6C). Four gases were detected: H,, O,, CO,, and SO,. The evolution of H, (m/z = 2)
only occurred at the beginning of the first charge cycle and could be attributed to the
reduction of trace water at the anode (Figures 6D-6F).** For O, evolution, the cells
are required to achieve >80% SOC.*** This condition was met for all cells, and the
mass signal (m/z = 32) showed a sharp peak (Figures 6G-6l) with onset voltages of
~4.3 V for OPN-based cathodes and ~4.4 V for SBR- and hNBR-based cathodes in
the initial cycle. The origin of O, evolution has been proposed in the literature to
be a consequence of the destabilization of the layered Ni-rich oxide lattice at high
voltages (>4.5 V versus Li*/Li).**** Although the OPN-based cell was able to reach
~89% SOC (243 mAh/gncmez2), the SBR-and hNBR-based cells only achieved ~86%
(235 mAh/gncmez2) and ~80% (220 mAh/gncmezz), respectively. The cumulative
amount of O, evolved in the first cycle was ~36, 18, and 5 pmol/gncmez2 for OPN,
SBR, and hNBR, respectively. This difference in O, evolution is due to the difference
in SOC, because the amount follows an exponential-like relationship with SOC after
reaching the 80% threshold. As seen in Figure $10, the SBR-based cathode followed
a similar evolution progression to the OPN-based cathode, despite showing about
50% lower O, evolution.

The CO, mass signal (m/z = 44) for SSB cells predominantly stems from electrochemical
decomposition of residual surface carbonates on the CAM particles, which is typically
indicated by a sharp peak with an onset voltage > 4.2V (Figures 6J-6L).“~** However,
a peak was also observed at the beginning of charging. In conventional liquid-electro-
lyte cells, CO;, evolution at the start would be associated with an electrochemical reduc-
tion of the organic carbonate electrolyte. However, this is not applicable to SSBs. It
could be postulated that the CO, evolution is correlated with side reactions at the
anode, given that both H, evolution and CO, evolution occur almost simultaneously.*”
In general, we hypothesize that there are three possible sources for CO, evolution
above 4.2 V: (1) electrochemical decomposition of residual surface carbonates, (2)
chemical oxidation of the polymer binder, and (3) oxidation of the carbon additive.
However, it has been shown in the literature that carbon additives are relatively stable

12 Cell Reports Physical Science 2, 100465, June 23, 2021

63



4.2 Results and Discussion — Design-of-experiments-guided optimization of slurry-cast
cathodes for solid-state batteries

Cell Reports

Physical Science ¢? CelPress
OPEN ACCESS

against the released oxygen from the NCM lattice’” and therefore should not

contribute to the observed CO, evolution. This leaves us with scenarios 1 and 2, which
we elaborate upon when discussing about SO, evolution, because the two mass signals
are believed to be correlated. Interestingly, when zooming into the gas evolution of
both O, and CO; during the first cycle, we noticed a double peak for CO; for the
OPN- and SBR-based cathodes (Figure S11). For the hNBR-based cathode, no distinct
double peak was observed due to the lower SOC.

As is typical for SSB cells containing lithium thiophosphate solid electrolytes, a sharp
peak corresponding to the mass signal m/z = 64 (SO,) was detected (Figures 6M-
60). The mass signal of SO, is normalized with respect to the carrier-gas mass signal
m/z = 4 (He) and represents at best a semiquantitative comparison. The formation of
SO, could be attributed to the reaction between the solid electrolyte and the reactive
oxygen released from the CAM at high voltages and from the electrochemical decom-
position of residual surface carbonates.”***! This is in agreement with the observed
onset of SO, evolution, coinciding with both the O, and CO, signals. For hNBR-based
cathodes, the SO; ion current exhibited an intensity similar to that of OPN-based cath-
odes, despite only showing ~14% of the O, evolution compared with the latter during
the first cycle. The higher intensity of the SO, ion current in the hNBR-based cathode
suggests that the solid electrolyte in these electrodes is less stable, supporting the ar-
guments used in the discussion of the EIS data. The acrylonitrile groups of ANBR appar-
ently exhibit ion-dipole interactions with the lithium ions of sulfide solid electrolytes,
making it more vulnerable to side reactions. In contrast, SBR-based cathodes showed
a more damped signal, indicating reduced SO, evolution, which cannot be simply ex-
plained by the lower amount of evolved O».

In an attempt to explain the damped SO, signal for the SBR-based cathodes, we hy-
pothesize several possibilities: (1) coverage of the solid electrolyte and/or active ma-
terial particles with polymer binder, preventing short-lived 'O, from reaching the
solid electrolyte; (2) reaction of evolved SO, with functional groups of the binder;
and (3) preferential reaction of reactive oxygen with the binder instead of the solid
electrolyte. For this discussion, a more in-depth analysis of the mass signal m/z =
44 was required. Specifically, both OPN- and SBR-based cathodes with a near iden-
tical SOC were needed for quantitative comparison, because CO; evolution, like O,
evolution, shows an exponential-like relationship with the SOC (Figure $10). To this
end, slurry-cast electrodes with LiNbOj;-coated NCM622 CAM were prepared
and electrochemically tested. Representative first-cycle voltage profiles at a rate of
C/10 and 25°C and the specific discharge capacities and Coulombic efficiencies
over 20 cycles are shown in Figures 7A and 7B. Evidently, SSB cells with the
LiNbO3-coated NCM622 clearly outperformed those using uncoated CAM (Figure 5).
This result was not unexpected and further indicates the effectiveness of the protec-
tive coating to mitigate decomposition reactions at the interfaces. OPN was capable
of delivering the largest initial specific charge and discharge capacities of ~199 and
170 mAh/gncmezz2 (~2 mAh/cm?), respectively (~85% versus ~77% Coulombic effi-
ciency for uncoated NCM622). For SBR, lower specific capacities of ~192 and 164
mAh/gncmez2 were achieved (~85% versus ~75% Coulombic efficiency for uncoated
NCMé622). The protective surface coating was most beneficial for the hNBR-based
cathode, improving both first-cycle specific discharge capacity and Coulombic effi-
ciency by ~55% and 33%, respectively. Despite the similar initial irreversibility among
the three polymer binders, the Coulombic efficiency of the hNBR-based cathode
required four more cycles to stabilize above 99.5%, compared with two cycles for
the OPN- and SBR-based cathodes. This suggests that more side reactions are occur-
ring, especially in the initial cycles. However, an in-depth analysis would require
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Figure 7. Cycling performance of SSB cells using different polymer binders

(A) First-cycle charge/discharge curves of slurry-cast cathodes (LiNbO3-coated NCM622, B-Li3PS,)
with 2.0 wt % polymer binder (blue, OPN; green, SBR; pink, hNBR) and 1.0 wt % VGCF conductive
additive. LTO and Li,PSsCl served as the pellet anode and solid-electrolyte separator, respectively,
in the SSB cells.

(B) Specific discharge capacities (dark blue/green/pink) over 20 cycles and corresponding
Coulombic efficiencies (light blue/green/pink).

further investigations. After 20 cycles, the specific discharge capacities decayed, as
expected, corresponding to fade rates per cycle of ~0.17%, 0.32%, and 0.39% for
OPN, SBR, and hNBR, respectively. This result marks a significant improvement
over the SSB cells using uncoated NCM622 CAM.

Such slurry-cast LiNbO3-coated NCMé22 cathodes were then used in operando DEMS
studies, and the gassing behavior of the corresponding SSB cells is shown in Figure 8
(for OPN and SBR) and Figure S12 (for hNBR). With a near-identical SOC for both
OPN- and SBR-based cathodes (~250 versus 249 mAh/gncme22), we analyzed the evo-
lution of O, CO,, and SO,. The total amounts of O, detected after the first cycle were
~205 and 161 pmol/gncmesz2 for OPN and SBR, respectively, thus about an order of
magnitude larger than what was observed for the uncoated NCMé622 cathodes. The
increased amounts help with the analysis of the gas evolution trends. The higher
SOC also led to the appearance of an additional redox peak at ~4.6 V versus Li*/Li
(see differential capacity plots in Figure 513), which might be indicative of oxygen
redox.”****? In addition, we did not observe a damped signal for the SBR-based cath-
ode with regard to the SO,. This was to be expected because the larger amount of
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Figure 8. Gassing behavior of SSB cells using different polymer binders

(A and B) Voltage profiles and corresponding time-resolved evolution rates (left y axis) and cumulative amounts (right y axis) for (C and D) Hy, (E and F)
O,, and (G and H) CO,, as well as the normalized ion currents for (| and J) SO,. The SSB cells consisted of a slurry-cast cathode (LiINbO3-coated NCM622,
B-Li3PS4) with 2.0 wt % OPN or SBR binder and 1.0 wt % VGCF conductive additive, a LisPSsCl solid-electrolyte pellet separator, and an indium anode.

evolved O, would mean that there are plenty of reacting agents ('O,) available to both
the polymer binder and the solid electrolyte. Nevertheless, the CO, evolution was more
significant in the SBR-based cell. Because of the different gassing behavior of the un-
coated and coated NCM622 cathodes, we are able to draw some conclusions here.
We hypothesize that the first CO, peak (of the double peak at high voltages) is a result
of the electrochemical decomposition of surface carbonates, whereas the second one
results from possible reactions between the reactive oxygen and the binder material.
Given that chemical oxidation of liquid electrolytes has been proposed in the litera-
ture,” it would be possible for 'O, to attack the carbon chains/functional groups of
the binder to produce CO,."*** The double peak seen for CO, supports the hypothesis
of a chemical oxidation of the binder. Moreover, the CO, evolution (second peak) was
most pronounced in the SBR-based cathode. Reactive oxygen has been shown to be
capable of reacting with polymers possessing an alkene chain (units),"* and among
the three materials, SBR is the only binder possessing one.

Finally, we try to explain the depressed SO, evolution seen for the SBR-based cathode
using uncoated NCM622. We postulate that O, (probably '0,) reacts with both the SBR
binder and the solid electrolyte. To justify this, we bring some values into context. First,
the LINbO3-coated NCM622 cathodes showed a (maximum) first-cycle normalized SO,
jon current of 3.2 X 10~ ¢ and 2.5 x 10 for OPN and SBR, respectively. The overall in-
crease in ion current, compared with SSB cells using uncoated NCM622 (Figure 6), is
due to the larger amounts of evolved O,. As a result, the depressed SO signal is not
observed, because there is enough 0, to react with both the binder and the solid elec-
trolyte. Second, despite showing less O, evolution, the SBR-based cathode exhibited
2-3 times more CO; evolution than the OPN-based electrode. Third, comparing the to-
tal amount of CO, evolution for both the uncoated and the LiNbO3-coated NCM622
cathodes, we noticed that it remained similar for the OPN-based electrode at 4—
5 umol/gnemezz, Whereas that of the SBR-based electrode increased by a factor of about
three (~11.0 versus 3.7 pmol/gncmesz2)- The NCM622 particles used were all from the
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same batch and therefore should have a similar amount of residual surface carbonates.
Consequently, the additional CO, evolved from the SBR-based LiNbOj-coated
NCM622 cathode originated from a different source. In conclusion, these observations
agree with our hypothesis that the alkene chain in SBR binder reacts with O, through a
pathway that entails the formation of CO,.

In conclusion, slurry-cast cathodes with electrochemical performance on par with
powder-based, pelletized SSBs were produced with the help of DoE (Table S3).
In addition, the optimization obtained for unprotected NCM622 CAM was transfer-
able to LiNbO3-coated NCM622, delivering high discharge capacities and showing
good capacity retention and thus providing a methodology for the production of
slurry-cast cathodes with different types of CAMs. Most importantly, the slurry-cast
cathodes displayed similar cyclability but with increased reproducibility, which is
necessary for use in future studies. When optimizing for electrochemical perfor-
mance, slurry-cast cathodes with OPN binder and VGCF conductive additive
were found to outperform other binder/carbon combinations. The type of binder
and carbon additive and their respective content did affect the cycling perfor-
mance to varying degrees. Not surprisingly, the well-performing electrode sheets
all contained a low fraction of binder. JMP 14 extrapolated an optimum combina-
tion of 1.0 wt % OPN binder and 0.5 wt % VGCF conductive additive. However,
slurry-cast cathodes with low binder content (<2.0 wt %) were susceptible to crack
formation and delamination during cell preparation. For SSB sheet-based elec-
trodes to be commercially viable, they have to be fabricated via continuous pro-
cessing methods, in which they are usually subjected to strong mechanical forces
during bending and shearing. Hence, in this study, the mechanical stability of the
cathode sheet was also taken into consideration. The overall mechanical stability
was found to largely depend on the binder content, with the other parameters,
such as the type of binder and carbon additive, having a low degree of influence.
A compromise between electrochemical performance and processability was
achieved at 2.7 wt % OPN and 0.5 wt % VGCF. The measured cycling performance
of SSB cells using a slurry-cast cathode with the optimal parameters corroborated
the robustness of the model. Further understanding of the results from the DoE
approach and the model built was provided by EIS, SEM/EDS, and XRD measure-
ments. Lastly, operando gas analysis confirmed the (electro-)chemical stability of
OPN. In addition, the correlation among O evolution, CO, evolution, and SO,
evolution allowed for hypotheses of reaction pathways, suggesting that polymer
binders possessing alkene chains/units or functional groups that could potentially
destabilize the solid electrolyte are unfavorable, especially at high voltages when
in use with a layered Ni-rich oxide cathode material.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources should be directed to and will be ful-
filled by the lead contact, Jun Hao Teo (jun.teo@kit.edu).

Materials availability
This study did not generate new reagents.

Data and code availability
The authors declare that the data supporting the findings are available within the

article and the supporting information. All other data are available from the lead
contact upon reasonable request.
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Materials

Electrode sheets were prepared using pristine (unprotected) NCMé22 (60% Ni, BASF)'?
powderasthe CAM. The solid electrolytes, B-LisPS4 (BASF) and argyrodite LisPSsCl (NEI),
with room-temperature ionic conductivities of ~0.2 and 2 mS/cm, respectively, were
applied as received. Three polymer binder materials were used for the study: OPN
(Oppanol N 150 from BASF, average molecular weight [M,,] = 3.1 x 100 g/mol), hNBR
(Therban LT 1707 VP from Arlanxeo, M,, = 5.5 x 10° g/mol), and SBR (45 wt % styrene
from Sigma Aldrich, M,, = 6 x 10° g/mol).””***” Super C65 carbon black (Timcal) and
VGCEF as electronically conductive additives were both dried at 300°C in a vacuum over-
night before use. The LiNbO3-coated NCM622 was prepared by coating a 1 wt % sol-gel-
derived LiNbO; surface layer onto the pristine CAM."?>“ All materials were handled and
stored in an argon glovebox from MBraun ([O,] < 0.1 ppm, [H20] < 0.5 ppm).

DoE

The mass fractions of the two carbon additives, Super C65 and VGCF, were chosen
to vary between 0.5 and 1.5 wt % (with a 0.5 wt % increment), whereas the content of
the three polymer binders was chosen to vary between 1.0and 3.0 wt % (with a 1.0 wt
% increment). In other words, there were three variables with three levels and one
variable with two levels. A classical, full factorial design of the cathode composite
would thus require 54 (3 - 3 - 3 - 2) experiments. Our customized experimental
design reduced the number of required experiments to 23 (Table S1). The optimiza-
tion was done with response variables quantifying the electrochemical and mechan-
ical performance. Mechanical properties (processability) are represented by the re-
sults of two in-house mechanical tests, namely, bending and punching tests. To
simplify the analysis, we assigned an arbitrary numerical scale to assess qualitative
observations, so the higher number represents better processability. For the punch-
ing tests, round electrodes were punched from the cathode sheet with a circular ge-
ometry (9 mm diameter). They are rated according to the following scale: 4 = no me-
chanical deformation, 3 = edge delamination, 2 = delamination and cracking, and
1 = unprocessable (Figure 52). In case of the bending tests, the electrodes were
tensioned at both ends and subjected to a rolling motion along a metal pipe
(1 mm diameter) at varying bending angles. They are rated as follows: 4 = no me-
chanical deformation, 3 = delamination, 2 = delamination and cracking, and 1 = un-
processable. Several process-related parameters were fixed and excluded from the
experimental design based on prior knowledge.

Cell assembly and electrochemical measurements

For the 23 DoE experimental runs, the SSB cells consisted of a slurry-cast cathode (9 mm
diameter), a solid-electrolyte pellet separator (10 mm diameter), and a pellet anode
(10 mm diameter). A specialized cell setup containing two stainless-steel dies and a
plastic (polyether ether ketone, PEEK) ring was used. First, 65 mg of B-LisPS, was
compressed at a pressure of ~125 MPa. The cathode was then punched into a circular
geometry (2.0-2.4 mAh/cm? areal capacity), placed on top of the solid-electrolyte sepa-
rator layer, and subsequently compressed at ~375 MPa. Lastly, 60 mg of anode com-
posite was pressed onto the other side of the solid-electrolyte pellet at ~125 MPa.
The anode composite was prepared by mixing 300 mg of carbon-coated LTO (NEI)
with 100 mg of Super Cé5 carbon black and 600 mg of B-LisPS, at 140 rpm for
30 min in a 70 mL milling jar (Fritsch) with 10 zirconia balls (10 mm diameter) under an
argon atmosphere using a planetary ball mill. For all subsequent electrochemical
testing, SSB cells consisting of a slurry-cast cathode, a Li,PSsCl pellet separator
(100 mg), and a pellet anode (60 mg) were used. The anode composite was prepared
in a fashion similar to that described earlier but with Li,PSsCl as the solid electrolyte.
During electrochemical testing, a stack pressure of ~80 MPa was maintained.
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Galvanostatic charge/discharge measurements were performed at 25°C and at a rate of
C/10 (1C = 180 mA/gncme22) in the voltage range between 1.35 and 2.85 V versus Lis.
TisO12/Li7TisO12 (equal to ~2.9-4.4 V versus Li*/Li) using a Maccor battery cycler.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/].xcrp.
2021.100465.
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1 Figures
1.1 Electrochemical Performance of All 23 DoE-Derived SSB Cells
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Figure S1. Cycling performance at C/10 rate and 25 °C of the 23 slurry-cast cathodes as required for
the statistical approach (see Table S1 for the carbon/binder type and composition).

The SSB cells consisted of a slurry-cast cathode (uncoated NCM622, B-LisPSa, Super C65 or VGCF
conductive additive, and with OPN, SBR, or hNBR binder), a -LisPS4 solid-electrolyte pellet separator,
and a pelletized LTO anode.

1.2 Mechanical Tests and In-House Scaling of Processability

Mechanical tests Description
Scale 1 2 3 4
Punchtest(P)  Unprocessable m‘gg:‘k‘?:g“ & Edge delamination Ngxml
Bending test (8)  Unprocessable  Delaminaten& - pejamination s
P=1;8=1 P=2;B=3 P=3;B=4 P=4;B=4

1.5 VGCF/1 OPN 0.5C65/1.71 SBR 1.5 VGCFR2 SBR 1 VGCF/2 hNBR

Figure S2. Mechanical tests performed on the slurry-cast cathodes with varying binder type and content.
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1.3 Long-Term Performance of SSB Cells

a)
-
=
w
>
>
o
()]
8
e}
>
0 20 40 60 80 100 120 140 160
Capacity / mAh g '
b) - 120
(o]
N = 101,
< R
£ 100
~
g? 904
8 80
(=%
S 701
S 60
e
I 50
@
2 40
a

S —
0 10 20 30 40 50 60 70 80 90 100
Cycle number

Figure S3. Long-term cycling of electrochemically optimized cathodes.

(a) First- and 100" cycle charge/discharge curves at C/10 rate and 25 °C of a slurry-cast cathode
(uncoated NCM622, B-LisPS4) with OPN binder (2.7 wt%) and VGCF conductive additive (0.5 wt%).
LTO and B-LisPS4 served as pellet anode and solid-electrolyte separator, respectively, in the SSB cell.
(b) Specific discharge capacity over 100 cycles.

1.4 EIS of SSB Cells Using Different Polymer Binders
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Figure S4. Nyquist plots of the electrochemical impedance of SSB cells (black lines: raw data, solid
symbols: z-fits) using a slurry-cast cathode (uncoated NCM622, 3-LisPS4) with 2.0 wt% polymer binder
(blue: OPN, green: SBR, pink: hNBR) and 1.0 wt% VGCF conductive additive. LTO and LisPSsCl served
as pellet anode and solid-electrolyte separator, respectively. Experimental spectra are offset relative to
one another on the y-axis.
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1.5 SEM Imaging and EDS Mapping of Pristine Composite Cathodes

Ni il

Figure S5. Cross-sectional view of cathodes and elemental mapping results.

(i) SEM images and (ii-vii) the corresponding elemental maps from EDS of slurry-cast cathodes
(uncoated NCM622, B-LisPS4, VGCF) with OPN (a), SBR (b) or hNBR binder (c). Note that the LisPSsCI
solid-electrolyte pellet separator is also visible to some degree. Scale bars represent 50 um.

1.6 XRD Patterns for Slurry-Cast Cathodes Using Different Polymer Binders
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Figure S6. Comparison of the 003 reflection of NCM622 in slurry-cast cathodes (uncoated NCM622, 8-
LisPSa) with 2.0 wt% polymer binder (blue: OPN, green: SBR, pink: hNBR) and 1.0 wt% VGCF
conductive additive after the first charge cycle (4.4 V vs Li*/Li). LTO and LisPSsCl served as pellet anode
and solid-electrolyte separator, respectively, in the SSB cells.
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1.7 Rietveld-Refinement Analysis and Estimation of Specific Capacity
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Figure S7. Evolution of unit-cell volume with the x(Li) from Rietveld-refinement analysis of XRD data
during the first charge cycle.

The black curve represents the volume change of NCM622 in a liquid-electrolyte-based LIB pouch cell
(from Rietveld analysis of operando XRD data). Unit-cell volumes of NCM622 in SSB cells (from Rietveld
analysis of ex situ XRD data) at the end of the first charge cycle (4.4 V vs Li*/Li) are denoted by circles
(blue: OPN, green: SBR, pink: hNBR). The golden circle represents the pristine (non-charged) NCM622
for comparison. By reading off the respective x(Li) value utilizing the LIB (black curve) as a reference,
the specific charge capacity can be estimated.

1.8 Customized Setup for Synchrotron-Based Operando XRD

Coin cell cover —
hole (& =4 mm)

Spring (25 N/m? pressure) —
Hole (@ = 5 mm)

Spacer (1 mm thick)—
(@ =16 mm, 4 mm hole)

Al foil/Cathode tape/Solid
electrolyte tape

In ring anode (hole =3 mm)
Spacer (1 mm thick)—
(@ =16 mm, 4 mm hole)

Coin cell bottom —
hole (@ =4 mm)

Figure S8. Synchrotron-based XRD setup.

The SSB cell consisted of a slurry-cast cathode (uncoated NCM622, B-LisPS4) with OPN binder (2.0
wt%) and VGCF conductive additive (1.0 wt%), a slurry-cast solid-electrolyte (LisPSsCl) separator with
OPN binder (2.0 wt%), and an indium-ring anode.

75



4.2 Results and Discussion — Design-of-experiments-guided optimization of slurry-cast
cathodes for solid-state batteries

1.9 Synchrotron-Based Operando XRD Patterns
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Figure S9. Contour plot of synchrotron-based operando XRD patterns obtained on a sheet-based SSB
cell (1 =0.4428 A).

The cell consisted of a slurry-cast cathode (uncoated NCM622, B-LisPS4) with 2.0 wt% OPN binder and
1.0 wt% VGCF conductive additive, a slurry-cast solid-electrolyte (LisPSsCl) separator with 2.0 wt% OPN
binder, and an indium-ring anode. It was cycled in a specialized setup (Figure S8) at C/10 rate and 25
°C in the voltage range between 2.3 and 3.8 V versus In/InLi. An additional constant voltage (CV) step
was programmed at the end of the discharge cycle.

Previously, Bartsch et al.! reported about operando XRD on pelletized SSB cells. In the present work,
we performed a similar synchrotron-based study using a specialized (coin-type) cell with slurry-cast
sheets in both the cathode and solid-electrolyte separator. The study demonstrated similar observations
seen in the operando XRD on pelletized cells. During charge and discharge, changes in reflection
positions were observed. The typical evolution of the 003 reflection of NCM622 was apparent. Initially,
it shifted to lower 26 values during the charge process, before the subsequent discharge process led to
the opposite development. However, a fully reversible lithiation process did not occur in the discharge
cycle. Only during the following CV step, further continuous shift to a higher 26 value occurred, which in
the end was comparable to the initial starting value. The electrochemical data of the operando cell did
not show any abnormalities and delivered comparable first-cycle specific capacities to the same setup
tested in our laboratory (gen = 164 mAh/gncmsz2, Guis = 115 mAh/gnems22). However, with the CV step,
both the additional shift of the 003 reflection and specific capacity achieved indicate that there is a kinetic
limitation. We attribute this limitation to the lack of pressure in the beam spot area. Nevertheless, in
contrast to the earlier operando study, we are able to demonstrate that cells produced by the slurry-
casting method do not show signs of the presence of inactive CAM.
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1.10 Gas-Evolution Trends after Reaching 80 % SOC
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Figure S10. Exponential relationship of gas evolution with the SOC.
(a) O2 evolution and (b) CO:2 evolution with respect to the specific charge capacity. The SSB cells
consisted of a slurry-cast cathode (uncoated NCM622, B-LisPS4) with 2.0 wt% OPN, SBR, or hNBR

binder and 1.0 wt% VGCF conductive additive. Indium foil and LisPSsCl served as anode and pellet
solid-electrolyte separator, respectively.
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1.11 Enlarged View of Gas-Evolution Rates
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Figure S11. Time-resolved evolution rates of Oz and CO: for SSB cells using a slurry-cast cathode
(uncoated NCM622, B-LisPS4) with 2.0 wt% polymer binder [(a) OPN, (b) SBR, (c) hNBR] and 1.0 wt%

VGCF conductive additive. Indium foil and LisPSsCl served as anode and pellet solid-electrolyte
separator, respectively.
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1.12 Electrochemical and Gassing Profiles for ANBR-Based SSB Cells
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Figure S12. Gassing behavior of cathodes using hNBR binder.

(a) Electrochemical profile of a SSB cell cycled at C/20 rate and 45 °C and the corresponding time-
resolved evolution rates (left y-axis) and cumulative amounts (right y-axis) for Hz (b), Oz (c), and COz (d)
and the normalized ion current for SO2 (e). The cell consisted of a slurry-cast cathode (LiNbOs-coated
NCM622, B-LisPS4) with 2.0 wt% hNBR binder and 1.0 wt% VGCF conductive additive, a LisPSsCl solid-
electrolyte pellet separator, and an indium anode.

1.13 Differential Capacity Plots and Gassing Profiles
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Figure S13. Differential capacity and oxygen evolution profiles.

(a) Differential capacity plots for the first charge cycle of SSB cells at C/20 rate and 45 °C using a slurry-
cast cathode (uncoated or LiNbOs-coated NCM622, B-LisPS4) with 2.0 wt% OPN or SBR binder and 1.0
wt% VGCF conductive additive.

(b) The corresponding evolution rates of Oz are plotted with respect to the voltage. Only cathodes using
the LiNbOs-coated NCM622 showed a distinct peak at ~4.6 V versus Li*/Li accompanied by an evident
increase in Oz evolution.
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2 Tables
2.1 DoE Table

Table S1. Required set of experiments generated from the statistical software JMP 14 for the
screening/optimization of parameters (carbon type/weight percentage and polymer type/weight
percentage). The output parameters to be considered are electrochemical parameters (specific
discharge capacity and capacity retention after 20 cycles) and processing parameters (mechanical
stability through in-house bending and punching tests).

DoE| Carbon/ | Binder/ Specific discharge Capac:ty retentlon /| Punching | Bending
run wt% wit% capacity / mAh/g test test

1 | 0.5VGCF | 1 OPN 95.9 93.2

2 | 0.5VGCF | 3SBR 61.5 82.6 4 4
3 1.5 C65 1 SBR 72.4 90.6 1 2
4 1.5C65 | 2hNBR 70.5 80.6 4 4
5 1 C65 2 OPN 80.5 87.7 <+ 4
6 1.5 C65 3 SBR 69.7 85.8 4 4
7 | 1.5VGCF | 3hNBR 47.7 70.5 4 4
8 1 C65 1 OPN 83.3 85.6 1 1
9 [ 1.5VGCF | 1 hNBR 64.9 89.9 1 3
10 0.5 C65 1 hNBR 72.5 91.1 1 3
11 | 1.5VGCF | 2 SBR 71.1 91.3 3 4
12 1 VGCF 2 OPN 90.8 89.1 4 4
13 1 C65 3 SBR 58.2 82.8 4 4
14 1 C65 2 hNBR 56.8 Ll B 4+
15 0.5C65 | 3hNBR 50.7 72.0 4 4
16 1 VGCF 1 SBR 90.1 93.0 1 2
17 1 VGCF 3 OPN 87.7 88.8 B 4
18 | 0.5 VGCF | 2 hNBR 65.6 89.6 4 4
19 0.5 C65 3 OPN 85.7 90.7 4 4
20 | 1.5 VGCF | 1 OPN 92.9 86.0 1 1
21 1 VGCF | 2hNBR 58.8 88.2 4 4
22 1.5 C65 3 OPN 85.4 85.0 4 4
23 0.5C65 [1.71 SBR 80.8 84.7 2 3
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2.2 Chosen Set of Variables Used in Building the Models for DoE

Table S2. Minimal set of variables required to build a model with high predictability with respect to the
electrochemical performance (specific discharge capacity and capacity retention after 20 cycles), as
well as the electrochemical performance and processability (20" cycle specific discharge capacity and
mechanical tests). Those with the largest log worth/lowest P-value (high significance) were chosen while
maintaining large adjusted R-square.

[ Output | Variable(s) Log worth P-value
Binder type 6.128 < 0.00001

Binder wt% 3.799 0.00016

T ; Carbon type x binder type 1.586 0.02594
Spacific discharge capacity Carbon type x binder wt% 0.977 0.10533
Carbon wt% x binder wt% 0.865 0.13649

Binder type x binder wt% 0.790 0.16204

Binder wt % 5.121 < 0.00001

Binder type x binder wt% 4.609 0.00002

Binder type 3.599 0.00025

Capacity retention Carbon type 2.913 0.00122
Carbon wt% x binder type 2.674 0.00212

Carbon wt% 1.282 0.05223

Carbon type x carbon wt% 0.782 0.16533

Binder wt% x binder wt% 0.700 0.19950

Binder wt% 11.461 < 0.00001

Binder wt% x binder wt% 6.614 < 0.00001

Electrochemistry & Binder type 5.402 < 0.00001
processability Carbon type x carbon wt% 2.018 0.00960
Binder type x binder wi% 1.985 0.01035

Carbon type 0.339 0.45774
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2.3 Electrochemical Performance of Reported NCM Composite Cathodes (Pelletized and Slurry-
Cast) in SSB Cells

Table S3. The electrochemical performance of pelletized and slurry-cast NCM cathodes with sulfide
solid electrolytes. Note that there are also other factors than the coating material, binder content, C-rate,
and temperature affecting the cyclability of SSB cells that are not displayed such as the active material
loading, stack pressure or binder type, to name a few.

Initial

15 cycle

Cathode | Ni ; : . Voltage

active |conte ”C’;:?;'r?agl elei:)rl(')? s Separator Anode Bager d;sc:a:ge C?IUIO”:D‘C Temp. range / C-rate |Ref.
material | nt y % |lcapasiy [l @inciency V vs. Li*/Li

mAh/g %
Powder-based, pelletized SSB cells
NCM271 [0.20 | LiNbOs LisPSsCl LisPSsCl__|LiaTisOre] — 140 82 25 | 2944 | Cro [2
NCM361 [ 0.30 | LiNbOs LisPSsCl LisPSsCl__|LiaTisOre] _— 140 82 25 | 2944 | CAo |2
NCM111 | 0.33 - LisPSsCl LisPSsCl Li-in = 80 = — | 3440 | cio |3
NCM111 [0.33 |  LiNbOs Qs BUSH | )4, - 99 71 25 | 2544 - |4
P2Ss P2Ss
NCM523 [0.50 | LisB:1Ows LisPSs LisPS: _|graphite| — 147 - rt. | 2543 - |5
NCM523 | 0.50 | LiNbosTaosOs | LinGePzSiz | LiGePz2Siz | Li-n = 112 - rt. - Crio | 6
NCM622 | 0.60 - B-LisPSa4 B-LisPSa LiaTisO12 - 106 78 25 2.9-4.4 C/10 7
NCM622 | 0.60 |Li2COy/ LiNbOs| _B-LisPSs B-LisPS:  |LiaTisOro| — 136 87 25 | 2944 [ CH0 |7
eI 0751 - LisPS:Cl LiPS:Cl | Lidn | - 194 85 30 | 3043 | cro |8
NCM811 [ 0.80 | LiNbOs LiGePzStz | LitoGePzSiz | Li-n = 162 86 35 | 2744 | CH0 |9
NCM811 | 0.80 |  LisPOs LinGeP2S12 | LinGePzSiz | _In - 171 75 rt. | 2.7-45 | C/10 _[10
NCM811 | 0.80 - B-LisPSa B-LisPSs Li-In = 124 71 25 | 2743 | cAo |11
Slurry-cast SSB cells
: 752825 | 75Li2S-25 .
NCM111 | 0.33 LiNbO3 P.Ss P2Ss graphite 3 116 - rt. 3.0-4.2 0.13C |12
NCM111 [033 [  LiNbOs PRS2 | 7O |graphite| ~28 | 114 72 30 " cr24 |13
NCM622 | 0.60 - B-LisPS: B-LisPSs Li 2 140 79 60 | 3.0-42 | C/20 [14
NCM622 | 0.60 |  LiNbOs B-LisPS: LisPSsCI__|graphite| 1.5 131 - 30 | 254.15 | C/10 |15
NCM622 [ 0.60 | LiNbOs | LizS-PoSs-Lil | LizS-P2Ss-Lil | Li 25 117 = 55 | 254.25 | C/50 |16
NCM622 | 0.60 |  LiNbOs LisPSsCl LisPSsCI__|graphite| 1.4 112 - 25 | 2542 | C/40 [17
NCM622 | 0.60 - B-LisPS: LicPSsCl__|LiaTisOr2] 2 148 77 25 | 29-44 | C/0 | *
NCM622 | 0.60 |  LiNbOs B-LisPSs LisPSsCl__|LiaTisO1z| 2 170 85 25 | 2944 | CH0 | *
NCM70131 070 |  LiNbOs |LisPS:ClosBros|LisPSsClosBros| Liin | 15 | 163 79 30 | 3043 | cro |18
NCM711 | 0.70 = LisPSsCl LisPSsCl__[graphite| 2 153 - 25 | 2543 | C/H0 |19
NCM711 [0.70 | LiNbOs LisPSsCl LisPSsCl Li-In 2 130 = 25 | 2542 | CH0 [20
NCM811 | 0.80 |  LiNbOs LisPSsCl LisPSsCl Li 1 112 67 30 | 2540 | C/20 |21
NCM811 | 0.80 - BUES | TR | g | e 139 = - | 2542 | cro |22
P2Ss P2Ss

*This work.

3 Supplemental Experimental Procedures

3.1 Preparation of Cathode Sheets

The cathode composite contained B-LisPS4, uncoated or LiNbOs-coated NCM622, carbon additive
(Super C65 or VGCF), and polymer binder (OPN, SBR, or hNBR). The CAM and solid electrolyte
masses were fixed at 1050 and 450 mg, respectively, while the mass of the carbon additive and polymer
binder varied according to the weight percentage required. The method of preparation of the cathode
composite slurry varied with the carbon additive used. VGCF specifically was dispersed in o-xylene
(Sigma-Aldrich, anhydrous, 97 %) with a vortex mixer for 5 min under an argon atmosphere prior to use.
Super C65 carbon black, on the other hand, did not require a pre-dispersion process.

Preparation of the cathode-composite sheet involved a series of mixing steps. For the cathode having
Super C65 as the carbon additive, the first mixing step was a dry-mixing of the NCM622, B-LisPS4, and
Super C65 as powders at 600 rpm for 2 min using a Thinky mixer. The resulting powder was then wetted
dropwise with the solvent (o-xylene). The amount of solvent added was calculated to achieve a final
solid content of ~45 wt%. The second mixing step was a wet-mixing at 600 rpm for 2 min, after which
the binder solution (4 wt% in o-xylene) was added. The mixture was mixed twice at 2000 rpm for 6 min.
The slurry obtained was then coated onto an aluminum foil with a mini-tape casting coater from MTI
(300 um doctor-blade slit size). Finally, the film was dried at room temperature in a two-step drying
process, where it was first dried until no visible wet spots were seen anymore and lastly in a vacuum for
12 h.

For the cathode with VGCF, both NCM622 and B-LisPS4 were first dry-mixed in a Thinky mixer at 600
rpm for 2 min. Second, VGCF/o-xylene dispersion was added dropwise to the mixed powders.
Subsequently, additional o-xylene was added to achieve a final solid content of ~45 wt%. The mixture
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was then wet-mixed at 600 rpm for 2 min. Next, the binder solution was added and the slurry subjected
to the final mixing step (2000 rpm for 6 min).

All chemicals and processing steps were handled in an argon environment (Jacomex glovebox with [O2]
< 1.0 ppm and [H20] < 1.0 ppm).

3.2 Preparation of Separator Sheets

The solid-electrolyte sheet consisted of 98 wt% LisPSsCl and 2 wt% OPN. Prior to the slurry preparation
process, the solid electrolyte was ground in a mortar to crush larger agglomerates. The preparation
involved a series of mixing steps. The first step was a dry-mixing at 600 rpm for 2 min with 1 min cool-
down time in between (twice). The resulting powder was then wetted dropwise with the solvent (o-
xylene) to achieve a final solid content of ~45 wt%. The second mixing step was a wet-mixing at 600
rpm for 2 min, after which the binder solution (4 wt% in o-xylene) was added. The mixture was mixed
twice with the Thinky mixer at 2000 rpm for 6 min, with a 5 min ultrasonication step in between. The
slurry was coated with a doctor blade having a slit size of 350 um onto an aluminum foil. The film was
then dried in a similar two-step drying process as described above. Lastly, it was calendared at 1 N/mm
in a dry room with —55 °C dew point.

3.3 Differential Electrochemical Mass Spectrometry (DEMS)

The SSB cells consisted of a slurry-cast cathode (uncoated or LiNbOs-coated NCM622, B-LisPSa,
VGCF, and with OPN, SBR, or hNBR), a LisPSsClI pellet separator, and an indium-foil anode. They were
assembled in a PEEK ring, allowing relatively high pressure to be applied to them without any cracking
occurring during the preparation/cycling process. The PEEK ring was placed on a hardened steel mold,
allowing the components to be sequentially pressed into pellets. To start the assembly process, an
amount of 100 mg of LisPSsCl was pressed at ~113 MPa. Following this, the cathode sheet was placed
on top of the solid-electrolyte layer. It was then pressed at ~113 MPa to remove the underlying aluminum
foil. Subsequently, an aluminum mesh (8 mm diameter), facilitating both conductivity and airflow, was
placed on top of the cathode sheet carefully, and together they were compacted at ~440 MPa. The
PEEK ring was then removed from the steel mold. Furthermore, a stainless-steel mesh (9 mm diameter)
to help promote connectivity was placed on top of the aluminum mesh/cathode layer. Lastly, the indium
foil (100 mm thick, 8 mm diameter) was attached to the pellet. The PEEK ring containing the cell was
then enclosed with the cathode and anode spacers before placing into the DEMS setup.2324 The cathode
spacer had 1 mm diameter holes to ensure that the gas released during cycling can effectively exit
towards the outflow. Electrochemical cycling was performed at 45 °C and at a rate of C/20 in the voltage
range of 2.3-4.4 V versus In/InLi (equal to ~2.9-5.0 V vs Li*/Li) using a Biologic VSP-300 potentiostat. A
10 h open-circuit voltage period was included in the beginning to allow the cell to stabilize at the
temperature and establish a proper background for the mass spectrometer. The flow of carrier gas (2.5
mL/min, 6.0 helium) was controlled by a mass flow controller (F-201CV-020-RAD-33-Z, Bronkhorst). For
gas analysis, a mass spectrometer (Omnistar GSD 320 02, Pfeiffer Vacuum GmbH) was used. After
each DEMS measurement, a calibration gas was introduced to convert the measured ion currents into
mol/g values.

3.4 Electrochemical Impedance Spectroscopy (EIS)

EIS was performed on the SSB cells after 20 cycles at a rate of C/10 and 25 °C using an SP-200
potentiostat (BioLogic). They consisted of a slurry-cast cathode, a LisPSsCl pellet solid-electrolyte
separator, and a pellet anode-composite layer. The spectra were collected in the range of 100 mHz to
7.0 MHz with an AC voltage amplitude of 10 mV and fitted using the EC-lab software (BioLogic)
assuming Ri+(R2/Q2)(Ra/Qs) or Ri+(R2/Qx)(Rs/Qs) Qs equivalent circuits.

3.5 Scanning Electron Microscopy (SEM)

Cathode sheets containing 1.0 wt% VGCF additive and 2.0 wt% OPN, SBR, or hNBR binder were
harvested from the SSB cells in an argon glovebox. The samples were then mounted onto a holder
using conductive carbon tape and subjected to cross-sectional SEM imaging and energy-dispersive X-
ray spectroscopy (EDS) mapping at 10 and 20 kV, respectively.

3.6 Ex-Situ X-Ray Diffraction (XRD)

The SSB cells were disassembled and placed with the cathode side up in an airtight dome cell (under
an argon atmosphere) with a knife-edge in the middle to improve the diffraction quality. XRD patterns
were collected in the range of 10-90° 20 with a step size of 0.01° and an exposure time of 2.3 s per step
on a D8 ADVANCE diffractometer (Bruker AXS) with a Cu-Ka 2 radiation source at 40 kV and 40 mA,
focusing Bragg-Brentano geometry (280 mm goniometer radius), and a LYNXEYE 1D detector.
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3.7 Synchrotron-Based Operando XRD

For operando XRD, both the cathode sheet (uncoated NCM622, B-LisPSs, VGCF, and OPN) and the
slurry-cast LisPSsCl solid-electrolyte separator sheet were cold pressed at ~440 MPa on top of each
other, which allowed the removal of the aluminum foil of the solid-electrolyte layer. The foil on the
cathode-composite sheet remains attached and serves as a mechanical support preventing the sheets
from cracking during the subsequent assembling steps. A ring-like indium foil with 7 mm outer diameter
and 4 mm inner diameter was attached to the solid-electrolyte sheet. The assembled layers were then
sandwiched between two stainless-steel spacers (16 mm diameter, 4 mm diameter hole in the middle)
and crimped together in a specialized CR2032 coin cell having a ring-like spring (0.5 t). Both the top and
bottom of the coin cell had a 4 mm diameter hole in the middle to allow for X-ray penetration. Afterwards,
the coin cell was packed into a pouch with polyimide windows (8 mm diameter). Finally, the pouch-
enclosed coin cell was placed in a setup described elsewhere, suitable for operando XRD at beamline
P24 of PETRA Ill at DESY (Hamburg, Germany).! The beamline had an operating energy of 28 keV (A
= 0.4428 A), thereby ensuring a high-flux beam (up to 1012 photons/s). The spot size was roughly
(400-400) um?2. The patterns were collected in the range of 3-17° 20 in 30 s intervals while cycling at a
rate of C/10 between 2.3 and 3.8 V versus In/InLi (equal to ~2.9-4.4 V vs Li*/Li) using a BioLogic VMP3
multi-channel potentiostat.
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4.3. The interplay between (electro)chemical and (chemo)mechanical
effects in the cycling performance of thiophosphate-based solid-state
batteries

In Publication 2, we optimized the recipe for fabrication of electrode sheets, achieving
electrochemical performance competitive with powder-based pelletized setups.
However, long-term capacity fading was still prevalent. In order for all-solid-state
batteries (SSBs) to be successful commercially, it has to be competitive with state-of-
the-art lithium-ion batteries (LIBs) in terms of electrochemical performance. Therefore,
the next step is to understand the underlying contributions to capacity fade and provide
potential solutions for it. The two main contributions to capacity fading in SSBs are
electrochemical and mechanical degradation of the cell components after prolonged
cycling. While electrochemical degradation between the cathode active materials
(CAM) and the solid electrolyte (SE) have been thoroughly investigated, the underlying
contribution of mechanical degradation to capacity fading is not yet fully understood.
In order to study mechanical degradation and its impact on electrochemical
performance, we applied a protective LiINbOs protective coating on the CAM, thus
effectively reducing the contribution of electrochemical degradation to our capacity
fade. Following which, we varied the SE of the cathode composite electrode, while
keeping everything else constant. The two different SE (glassy 1.5Li2S-0.5P2Ss-Lil and
Argyrodite LisPSsCl) possess above all else different mechanical properties and their
impact on the electrochemical performance could be observed through a combination
of ex situ and in situ analytical techniques. From this study, we reveal the benefits of
using a SE with a low Young's modulus and how the complex interplay between
(electro)chemical and (chemo)mechanical effects has to be considered for optimal cell
performance.

Remarkably, the slurry-cast cathodes outperform their powder-based pelletized
counterparts. This is due to the use of a wet-chemical mixing process, which reduces
voids and increases patrticle-particle contact. When comparing just the slurry-cast
cathodes, the glassy SE outperforms the crystalline SE, showing excellent cycling
performance with 87% capacity retention after 200 cycles. We associated the improved
electrochemical performance with the improved particle-particle contact between the
CAM and the SE after prolonged cycling, which was made possible by a lower Young’s
modulus of the glassy SE. Both cross-sectional and top-view secondary electron
microscopy (SEM) images show larger fraction of void formation for the crystalline SE,
thus suggesting that a SE with a high degree of crystallinity and hence a higher
Young’s modulus was not able to accommodate the large volume changes of the CAM
during cycling. Additionally, electrochemical impedance spectroscopy (EIS) showed
that the largest contribution to the overall resistance for the glassy SE originates from
electrochemical degradation, while for the crystalline SE from mechanical separations
and a loss of contact area between the SE and the CAM. A model experiment by
measuring the in situ pressure changes of solid electrolyte/conductive carbon
electrodes showed a more muted pressure response for the glassy SE, which together
with previous Coulombic efficiency data indicated the formation of redox inactive
degradation products. The formation of such robust and stable interface ("self-limiting”
interphases) for the glassy SE is believed to be the reason for a more intimate particle-
particle contact even after prolonged cycling. Realizing the importance of the interfacial
(degradation) products on long-term cycling performance, we attempted to
characterize the chemical nature via differential electrochemical mass spectrometry
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(DEMS), X-ray photoelectron spectroscopy (XPS) and Time-of-Flight secondary ion
mass spectrometry (ToF-SIMS). In general, all three analytical techniques indicated a
higher degree of degradation of the glassy SE, with a higher signal intensity of SO2
gas detected in DEMS and a higher degree of oxidized sulfur species for both XPS
and ToF-SIMS. In contrast, no SOz signal was detected for the crystalline SE alongside
weaker signals for phosphorus- and sulfur-based degradation products in both XPS
and ToF-SIMS. The higher degree of degradation could be attributed to a closer
proximity of electrode components in the glassy SE, which was indicated as well in
both SEM and EIS measurements. Looking at the DEMS data in more details revealed
a difference in Oz and SO:2 trend for both SE. While low amounts of Oz and high
amounts of SO2 was detected for the glassy SE, the opposite was seen for the
crystalline SE. This suggests that reaction of released highly reactive singlet oxygen
(*O2) with sulfur-containing species (either the SE or the degradation products) that
are in close proximity to the CAM occurs more readily for the glassy SE. In contrast,
mechanical separations in the crystalline SE allowed sufficient time for the physical
decay of the excited oxygen state back to its ground state, which justifies its much
larger O2 signal compared to the glassy SE. However, there remains the possibility
that the reduced oxidation of sulfur-containing species seen for the crystalline SE is
due to its difference in (electro)chemical nature and should be investigated in future
studies.

All the measurements, evaluation and writing for Publication 3 were conducted by me.
The work was supervised by Prof. Dr. Jirgen Janek, Dr. Matteo Bianchini and Dr.
Torsten Brezesinski. The final paper was then edited by nine co-authors.

Reprinted by permission from (Teo, J. H., Strauss, F., Walther F., Ma, Y., Payandeh,
S., Scherer T., Bianchini, M., Janek, J., Brezesinski, T.) The interplay between
(electro)chemical and (chemo)mechanical effects in the cycling performance of
thiophosphate-based solid-state batteries. Mat. Futures. 2021, © Copyright 2021 The
Authors. Published by IOP Publishing Ltd on behalf of the Songshan Lake Materials
Laboratory.
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Abstract

Solid-state batteries (SSBs) are a promising next step in electrochemical energy storage but are
plagued by a number of problems. In this study, we demonstrate the recurring issue of
mechanical degradation because of volume changes in layered Ni-rich oxide cathode materials
in thiophosphate-based SSBs. Specifically, we explore superionic solid electrolytes (SEs) of
different crystallinity, namely glassy 1.5Li,S-0.5P,Ss-Lil and argyrodite LigPSsCl, with
emphasis on how they affect the cyclability of slurry-cast cathodes with NCM622 (60% Ni) or
NCMB851005 (85% Ni). The application of a combination of ex situ and in situ analytical
techniques helped to reveal the benefits of using a SE with a low Young’s modulus. Through a
synergistic interplay of (electro)chemical and (chemo)mechanical effects, the glassy SE
employed in this work was able to achieve robust and stable interfaces, enabling intimate
contact with the cathode material while at the same time mitigating volume changes. Our results
emphasize the importance of considering chemical, electrochemical, and mechanical properties
to realize long-term cycling performance in high-loading SSBs.
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Future perspectives

The increasing demand for energy-dense CAMs has been a driving
force toward layered Ni-rich oxides. This inevitably leads to modi-
fications in cathode composite design, requiring solutions that
can mitigate the volumetric changes during electrochemical cyc-
ling. Looking from the materials perspective, a viable approach,
as demonstrated herein, is the use of a ‘soft’ SE that is cap-
able of producing robust and stable interfaces, especially with the
CAM, and maintaining tight contact even upon severe volume
changes. Nevertheless, future studies are required to ascertain the
properties of the degradation products as well as their forma-
tion mechanism(s), since this study indicated the large influence
the composition of the CAM/SE interface has on the overall cell
cyclability. Another approach would be the design of low-strain
or single-crystalline CAMs, the latter of which have been repor-
ted to show increased resistance to cracking both during prepar-
ation and cycling. On the other hand, optimizing the electrode
formulation and cycling conditions may help accommodate for
the volume expansion/contraction, thus enabling the use of Ni-
rich NCM CAMs with a larger variety of SEs. Apart from that,
newly established analytical techniques in LIB research, such as
acoustic emission monitoring, could be employed to probe the
void/crack formation in SSBs. Lastly, it should be noted that all
of the above considerations have not yet taken into account the
(chemo)mechanical and (electro)chemical effects at the negative
electrode side. With silicon (Si), a material that is known for
undergoing extremely large relative volume changes during cyc-
ling, becoming attractive for SSB applications, an already optim-
ized cathode would be beneficial when developing solutions for
the anode.

1. Introduction

With the advance in technology ranging from mobile devices
to electric vehicles and a global push toward renewable
resources (away from fossil fuels), research in electrochem-
ical energy storage has been catapulted to a position front
and center. The past three decades have seen rapid adop-
tion in the use of liquid-based lithium-ion batteries (LIBs)
[1-3]. However, LIBs have limitations, such as the inherent
safety problems caused by flammable components in the sys-
tem and the limited temperature window for operation [2, 4,
5]. Moreover, they are approaching their theoretical energy
densities. These limitations could be theoretically overcome
with the inception of solid-state batteries (SSBs), i.e. replacing
the liquid electrolyte by a solid electrolyte (SE). With their
promise of increased gravimetric and volumetric energy dens-
ities by allowing the use of lithium-metal anodes as well as
offering improved safety conditions and larger operating tem-
perature windows, SSBs could be applied in a wider range

of applications [6]. However, they possess their own inher-
ent problems. One persisting problem is the rapid capacity
fade usually observed for SSBs, which can be attributed to an
interplay between (electro)chemical and (chemo)mechanical
processes [7-9]. The net effect of either process on the capa-
city retention depends primarily on the choice of materials and
their mutual interactions.

In this study, we focus on industrially relevant materi-
als, with the cathode active material (CAM) being a layered
Ni-rich oxide, Li;4+.(NipsC002Mng2);-x0, (NCM622) or
Li|+x(Ni(),35C00.|0MI]0,05)|,,‘-02 (NCM851005), and the SEs
being lithium thiophosphates. Layered oxide CAMs are well
established in LIBs and are also very attractive for use in
SSBs. However, they undergo distinct volume changes upon
(de)lithiation, making the selection of the other components
of the composite even more important [10-12]. Regarding the
SE, sulfides (thiophosphates) are a popular choice for SSBs.
Their low Young’s moduli enable an increased mechanical
integrity of the cell [13-16]. In addition, they are easy to be
processed and exhibit highly competitive ionic conductivit-
ies, with some reaching values as high as 1072 S cm~! at
room temperature [17]. Nevertheless, sulfide SEs exhibit poor
(electro)chemical stability, often featuring significant interfa-
cial decomposition at both low and high voltages [18]. This
(electro)chemical instability has been studied to a great extent
and addressed in various publications [ 19-21]. A widely adop-
ted solution to overcome stability issues, for example, is the
application of surface coating strategies to the electrode mater-
ials [22-27]. The mechanical degradation, on the other hand,
and its underlying mechanism(s) and contribution to capa-
city fading have not been fully understood and are subject
of recent works [28-32]. One approach to alleviate the capa-
city fading caused by such effects is to tailor the material’s
mechanical properties, such as the use of a glassy SE phase
instead of a crystalline one. Another possibility is to optim-
ize the cycling conditions (e.g. cutoff voltage, anode/cathode
ratio, etc) to mitigate volume changes of the active material,
especially during the initial cycles [33, 34]. Herein, we chose
to focus on the former, which has shown promise in the past.
For example, Wang et al recently investigated the impact of
crystallinity on the (chemo)mechanics and showed that the
higher ionic conductivity that comes with it does not neces-
sarily guarantee improved capacity retention [28]. Moreover,
Minnmann et al demonstrated that the effective ionic conduct-
ivity of crystalline sulfide SEs in NCM-based cathode com-
posites decreases up to an order of magnitude compared to
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the bulk SE [35]. Similarly, we have recently reported electro-
chemical data for pelletized SSBs with two different thiophos-
phate SEs, namely glassy 1.5Li,S-0.5P,Ss-Lil (referred to as
g-SE) and argyrodite LigPSsCl (referred to as c-SE), with the
former showing superior cycling stability [29].

The capacity retention after 200 cycles was found to be
~58 and 39% for the g-SE and c-SE cells, respectively (figure
S1 (available online at stacks.iop.org/MF/00/00000/mmedia)).
Interestingly, the capacity delivered by the c-SE cell continued
to decline strongly even after 200 cycles. We also noticed a dif-
ference in the Coulombic efficiency. While it increased stead-
ily for the g-SE cell, reaching a value above 99.5% after 50
cycles, the ¢-SE cell exhibited a different trend. It was able to
achieve 99.4% within 20 cycles, then the Coulombic efficiency
decreased in the subsequent cycling until a local minimum
around 40 cycles was reached, followed by a new increase bey-
ond 99.5% only after 150 cycles. It should be noted that the
crystalline LiyPS4I counterpart was not used for comparison
because of its relatively poor room-temperature ionic conduct-
ivity. Instead, argyrodite LicPSsCl was chosen as SE. In this
work, we aim to build upon our results by utilizing different
ex situ and in situ analytical techniques to better understand the
interplay between (electro)chemical and (chemo)mechanical
effects and their influence on the long-term cyclability of SSB
cells using a slurry-cast cathode.

2. Results

2.1. Cell performance

With our previous data in mind, we attempted a similar elec-
trochemical analysis for slurry-cast cathodes (figure 1). The
components included LiNbOs-coated NCM622 CAM, glassy
1.5Li,S-0.5P,Ss-Lil or argyrodite LigPSsCl as SE, Super
C65 carbon black additive, and a polyisobutene (Oppanol)
binder. The SSB cells were cycled with a similar protocol
as the pelletized (powder-based) cells in the voltage range
of 1.35-2.85 V vs LiyTisO,»/Li; TisO,, (approximately 2.9—
4.4 V vs Lit/Li) at a C/5 rate and 45 °C for 200 cycles (see
section 4 for more details). Interestingly, the g-SE cell exhib-
ited excellent cycling performance and stability (figure 1(a)).
The first-cycle specific charge and discharge capacities were
190 and 162 mAh/gncmen2, respectively. Despite the slightly
lower values at the beginning of the cycling experiment com-
pared to the corresponding pelletized cell, the slurry-cast
cell showed a much improved capacity retention of ~87
vs 58% after 200 cycles, corresponding to a fade rate per
cycle of only 0.065% (~3.3 times lower than for the pel-
letized cell). Especially the Coulombic efficiency data indic-
ated a strong stabilization from the 4th cycle onward (>99%).
However, this kind of improved electrochemical performance
was not observed for the slurry-cast c-SE cell (figure 1(b)).
The first-cycle specific charge and discharge capacities were
200 and 171 mAh/gnems2z, respectively. The capacity reten-
tion after 200 cycles was ~49%, which is only moder-
ately higher compared to the pelletized cell with ~39%.
In this case, the margin of 10% improvement in capacity
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Figure 1. Cycling performance of SSB cells with (a) glassy SE
(1.5Li>S-0.5P,Ss-Lil) and (b) crystalline SE (LisPSsCl) in both
pelletized and slurry-cast cathodes and corresponding Coulombic
efficiencies. Cells tested at 45 °C, C/5, 2.9-4.4 V vs Lit/Li.

retention is too small to conclude that a slurry-cast cath-
ode performs better than a pelletized one when using the
argyrodite SE.

2.2. Cross-sectional scanning electron microscopy (SEM)
imaging

Transitioning to the slurry-cast cathodes, we noticed a much
larger improvement for the g-SE cell over the crystalline one.
The g-SE cell exhibited a ~29% increase in capacity reten-
tion (over 200 cycles), compared to a ~10% improvement
in the c-SE cell. It has been reported that slurry-based cast-
ing processes improve the homogeneity of distribution within
the cathode composite and the interfacial contact between
CAM and SE [36, 37]. A morphological comparison between
the pelletized and slurry-cast cathodes for the argyrodite
SE using SEM showed that the use of a wet-chemical pro-
cess (solvent-based mixing) reduces voids and increases the
particle-particle contact (figure S2). However, even with bet-
ter interfacial contact at the beginning of cycling, the capacity
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Figure 2. Cross-sectional SEM images of the slurry-cast cathode of SSB cells using (a), (b) glassy SE (1.5Li,S-0.5P,Ss-Lil) and (c),
(d) crystalline SE (LigPSsCl) after 200 cycles at a rate of C/5 and 45 °C. The arrows denote void formation and cracking.

fading was still prominent in the c-SE cell. To that end,
cross-sectional SEM was performed on the slurry-cast cath-
odes after 200 cycles (figures 2(a)—(d)). From the images, it
is apparent that the c-SE electrode exhibited a larger fraction
of void space around the CAM secondary particles and inter-
granular cracks compared to the g-SE electrode. The voids
(prevalent in the c-SE cell) have been reported in literat-
ure to result from the mechanical separation between CAM
and SE [18, 30, 38]. (Chemo)mechanically-driven separa-
tions and possible cracking, typically due to volume changes
during cycling, with AV/V ~ —3% at 4.4 V vs Li*/Li for
NCM622 in LIBs [10, 32], would lead to less electrochem-
ically active contact area (material), thereby adversely affect-
ing the reversibility and capacity retention. The images sug-
gest that even with improved interfacial contact, mechanical
separation occurs if the SE does not possess the necessary
mechanical properties required for mitigation of void forma-
tion/cracking. On a side note, the protective coating (LiNbO;3)
plays a minor or no direct role in contributing to mitigat-
ing (chemo)mechanically-driven separations. In a recent pub-
lication, Ma et al showed that there are no major differ-
ences in CAM/SE contact between (cycled) cathodes using
uncoated and LiNbOs-coated LiNiO, [9]. However, indir-
ectly, the coating plays a role in the formation of interfa-
cial degradation products, which possess their own inherent
(electro)chemical and (chemo)mechanical properties. While
the (electro)chemical aspect can be examined by observing the
cycling behavior, the (chemo)mechanical aspect remains elu-
sive. Nevertheless, the objective of this study was the compar-
ison of (electro)chemical and (chemo)mechanical properties
from the SE point of view, thus the role of the coating will not
be elaborated upon any further.

In the following sections, a more in-depth analysis into the
ability of the glassy SE to alleviate (chemo)mechanical effects
in slurry-cast cathodes will be conducted. This encompasses

study of the interfacial degradation via electrochemical
impedance spectroscopy (EIS), differential electrochemical
mass spectrometry (DEMS), x-ray photoelectron spectroscopy
(XPS), and time-of-flight secondary ion mass spectrometry
(ToF-SIMS).

2.3. EIS

EIS was performed to better understand the correlation
between void/crack formation and electrochemical per-
formance. The Nyquist plots of the electrochemical imped-
ance after cycling and corresponding fits to the data
are shown in figure 3. Fitting was done assuming an
R (R2/(Q2)(R3/Q3)(R4/Q4) equivalent circuit. R; is the res-
istance of the bulk (separator) SE, R, the SE grain boundary
(gb) resistance, R; the cathode (CAM/SE) interfacial res-
istance, and R4 represents the anode (anode active material
(AAM)/SE) interfacial resistance [18, 39, 40]. The SE bulk
(area specific) resistance was ~38.2 and 15.9 © cm? for the
¢-SE and c-SE cells, respectively. This difference can be
explained by a more than doubled room-temperature ionic
conductivity for the crystalline SE compared to the glassy SE
(~2.0 vs 0.8 mS cm™"). Moreover, we found that the cathode
interfacial resistance exhibited a larger value for the g-SE cell
(~8.3 Q cm?) than for the ¢-SE cell (~2.5 £2 cm?). The major
factors contributing to the latter resistance are electrochemical
decomposition of the SE (interfacial reaction between CAM
and SE) and void/crack formation [28]. We assume that in case
of the g-SE cell, the largest contribution to the Rcamysk 1S the
formation of a relatively thick layer of degradation products at
this interface. The contribution of void formation and/or crack-
ing is probably small, since no visible (chemo)mechanically-
driven separation between CAM and SE was apparent from
SEM imaging (figures 2(a) and (b)). On the other hand, the
major contribution to the Rcamyse for the ¢-SE cell can most
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Figure 3. Nyquist plots of the electrochemical impedance of SSB
cells (black lines: measured data; solid symbols: fitted data) using a
slurry-cast cathode with (a) glassy SE (1.5Li,S-0.5P,Ss-Lil) and
(b) crystalline SE (LigPSsCl) after 200 cycles at a rate of C/5 and
45 °C. Semicircles provide eye guidance for the individual
resistance contributions.

likely be attributed to (chemo)mechanically-driven separation
effects, as evidenced by the void/crack formation (figures 2(c)
and (d)). To support this argument, we will incorporate solid-
state diffusion into the analysis. The total cell impedance con-
sists of the SE bulk resistance, the charge-transfer resistance,
and the low-frequency Warburg component (equation S1).
The Warburg coefficient having an inverse relationship with
the contact area between CAM and SE can be represented
as shown in equation S2 (see also figure S3 and accompa-
nying explanation). While electrochemical degradation only
affects the charge-transfer resistance, mechanical separation
increases both the charge-transfer and Warburg resistances;
both contributions can be distinguished. Overall, a larger
Warburg coefficient (assuming that the lithium-diffusion coef-
ficient is constant) means a smaller contact area and therefore
a higher degree of mechanical separation. In fact, the War-
burg coefficient for the c-SE cell was larger by a factor of
about two compared to the g-SE cell, suggesting a lower con-
tact area between CAM and SE after 200 cycles. Lastly, we
observed a lower SE grain boundary resistance in the g-SE
cell (~5.7 vs 8.3 Q cm?), which could be explained by the
reduced degree of crystallinity. SE particle fracturing result-
ing from (chemo)mechanically-induced stress during cycling
may also contribute to this difference, as indicated by the
larger void fraction observed within the argyrodite SE in 3D
reconstructions of focused ion beam (FIB)-SEM slice images
of the electrodes (figure S4) [29].

Despite the lower cathode interfacial resistance of the c-
SE cell, its electrochemical performance was drastically worse
than the g-SE cell, indicating that mechanical separation more
strongly affects the long-term cycling performance than elec-
trochemical decomposition reactions do. In addition, the data
suggest that the formation of ‘self-limiting interphases’ for
the g-SE cell (>99% Coulombic efficiency after three cycles)
might not be as detrimental to the cyclability as originally
thought.

2.4. In situ pressure monitoring

Next, we attempted to elucidate the differences in void/crack
formation via in situ pressure monitoring of the respective SSB
cells [28, 30, 38]. The as-measured force response is shown in
figure S5. The force response was corrected for its baseline
and converted to pressure change (uniaxial stress, oy;). To
focus on the changes in stress in the slurry-cast composite
cathodes, LisTisO;, (LTO) was used as AAM. LTO is a zero-
strain electrode material, i.e. its relative volume changes upon
cycling are negligible [41-43]. Among the various contribut-
ors to the changes in stress within the cathode, the expansion/
contraction of the CAM dominated the pressure signal. Dur-
ing delithiation (charge cycle), a negative net pressure change
(Ap) was recorded because of the volume contraction of the
NCM622 [10]. Upon lithiation (discharge cycle), the volume
change was reversed, leading to a positive net pressure change,
at first sight independent of the SE. Following several cycles,
a sudden decrease in Coulombic efficiency was seen, which
was unique to the c-SE cell (figure S6). This confirms the non-
monotonous nature of the Coulombic efficiency versus cycle
number curve shown in figure 1(b) and could be an indication
of (chemo)mechanically-driven separations between cathode
constituents reaching a critical point [31, 44]. However, in the
pressure measurements, probing primarily the CAM breath-
ing, no distinct changes in stress response were observed.
In fact, the pressure response was similar for both SEs, des-
pite the g-SE cell using one with a lower Young’s modulus
(<14 GPa) [15, 45] compared to the c-SE cell (>22 GPa)
[13]. This was to be expected because of the large fraction
of CAM in the composite (>68 wt.%). The equipment used
and the measuring conditions did not allow for resolving the
subtle changes (to the pressure response) originating from
(chemo)mechanical interactions involving the SE.

Therefore, model experiments attempting to remove the
CAM contribution by using SE/carbon black electrodes were
conducted. Specifically, cyclic voltammetric (CV) measure-
ments were carried out for the different SE-based cells, and
the corresponding pressure response during the first two
cycles was recorded (figures 4(a)—(c) and (e)—(g)). A net pres-
sure change was observed in both cases. The data showed
a relatively large negative pressure response for the crys-
talline SE/Super C65 as opposed to a minor positive pres-
sure response for the glassy SE/Super C65. Taking the cur-
rent response into account, these pressure changes seem to
be due to a more prominent electrochemical oxidation of the
crystalline SE [46]. The increased electrochemical stability
window of Li,S-P,Ss SEs with Lil incorporation has also
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Figure 4. In situ pressure monitoring of Super C65 electrodes with (a)—(c) glassy SE (1.5Li,S-0.5P,Ss-Lil) and (e)—(g) crystalline SE
(LigPSsCl). (a), (e) CV profiles, (b), (f) current response, and (c), (g) pressure response. Cells tested at 45 °C, 0.05 mV s~ ' OCV-4.4V vs
Li*/Li in the first cycle and 1.55-4.4 V vs Li*/Li in the following cycles. Top-view SEM images of the (d) glassy SE/Super C65 and (h)

crystalline SE/Super C65 electrodes after cycling.

been reported in literature [47, 48]. This is further suppor-
ted by the crack/void formation observed by SEM primar-
ily for the crystalline SE/Super C65 electrode (figures 4(d)
and (h)), a result of the shrinkage (volume contraction) of
the SE. Additionally, in case of the crystalline SE/Super C65
electrode, the initial decrease in pressure was recovered dur-
ing the cathodic sweep (reduction), indicating partial revers-
ibility of the degradation processes [49]. On the other hand,
the glassy SE/Super C65 electrode did not show a change in
pressure in the cathodic sweep, suggesting that the degrada-
tion products formed are either redox inactive or do not lead
to significant pressure changes. These findings help explain
the observation of a quicker stabilization of the Coulombic
efficiency above 99.5% [formation of robust/stable interfaces
and (‘self-limiting’) interphases] and the good interfacial con-
tact (no voids/cracks) for the glassy SE. Because the major
part of side product formation occurs in the initial cycle, we
noticed an opposing trend to the EIS measurements. How-
ever, it has to be noted that EIS was performed after 200
cycles and does not take into account the fast stabilization of
the g-SE cell. Besides, the CAM is not present in this simple
model experiment, and the (electro)chemical reaction between

NCM622 and SE must also be considered in case of the EIS
measurements.

2.5. In situ gas analysis

Building upon the observations from in situ pressure monit-
oring and reports on the impact of side product formation on
the pressure evolution, a series of ex situ and in situ analytical
techniques (DEMS, XPS, and ToF-SIMS) were used to charac-
terize the chemical nature of the gaseous and solid degradation
products for both SEs [28].

First, in situ gassing studies via DEMS were performed on
the slurry-cast cathodes (figure 5). To this end, the SSB cells
were cycled at a C/20 rate and 45 °C in the voltage range of
2.9-5.0 V vs Li*/Li. The higher charge cutoff voltage was
chosen with the intention of increasing the evolution of react-
ive oxygen from the NCM622 CAM and observing its reaction
with the surrounding SE. The cells underwent three cycles and
the gas evolution was monitored for m/z = 1-100. While four
gases were detected for the g-SE cell (H,, O,, CO,, and SO,;
see figure 5(a)), only three were detected for the c-SE cell (H,,
0,, and CO,; see figure 5(b)).
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Figure 5. Electrochemical profile of SSB cells using a slurry-cast cathode with (a) glassy SE (1.5Li,S-0.5P,Ss-Lil) and (b) crystalline SE
(LigPSsCl) and corresponding time-resolved evolution rates (left y-axis) and cumulative amounts (right y-axis) for H,, O, and CO,, as well
as normalized ion currents for SO,. Cells tested at 45 °C, C/20, 2.9-5.0 V vs Li*/Li.

H, evolution (m/z = 2) occurred at the onset of the initial
charge cycle and can most likely be related to the reduction
of trace H,O at the anode. For example, it has been reported
that a charged LisTisO;, (Li;TisO;,) anode in LIBs under-
goes redox reactions with H,O, thereby producing H, [50].
The lithiated indium anode should follow a similar reaction
pathway creating 0.5 mol of H, for every mol of H,O. Inter-
estingly, the cumulative amount of H, evolution was lower
by a factor of around four for the g-SE cell compared to the
¢-SE cell (~0.6 vs 3.4 pzmol/gnemsaz). Given that both cath-
ode composites were fabricated and processed identically with
the only difference being the type of SE used, this result sug-
gests that the reduction of residual H,O is mitigated in the
¢-SE cell. Recently, it has been reported that LisPS4I exhibits
a high stability toward H,O, partially routed in the formation
of an Lil-H,O adduct. The formation of such a phase might
take place as well here, competing with the electrochemical
reduction of H,O and therefore H, release [51]. Nevertheless,
in case of the c-SE cell, solely electrochemical reduction of
H,O traces occurs, being responsible for the increased amount
of evolved H,.

Regarding O, evolution, cells containing an NCM622
CAM are typically required to achieve a state of charge
(SOC) >80%. This condition was met with ~89%
(244 mAh/gNCM622) and ~85% (234 mAh/gNCMezz) for the
¢-SE and c-SE cells, respectively. Mass signals character-
istic of O, (m/z = 32) with onset voltages of ~4.3 V vs
Lit/Li were observed, in agreement with reports available
in literature [37, 52-55]. The origin of O, (presumably at
least partly in the form of 'O,) evolution in layered Ni-
rich oxide CAMs has been extensively studied in the past
and shown to be a consequence of the destabilization of the

crystal lattice at high SOC (due to either layered-to-spinel
or layered-to-rocksalt transformation) [52, 53]. Prior to the
physical decay of the highly reactive 'O, toward its triplet
ground state [56], there is a possibility of the singlet oxygen
reacting with the different components present in the cath-
ode composite. Moreover, the amount of O, evolving should
scale exponentially with the SOC [37]. Despite showing a
lower SOC, the cumulative amount of molecular O, in the
first cycle was ~42 pmol/gnemenz for the c-SE cell versus
~23 pmol/gnemenz for the g-SE cell. This difference seems
explainable by the consumption of reactive oxygen through
follow-up reactions with the thiophosphate SE, which appears
to be facilitated for the g-SE cell because of the more intimate
CAMY/SE contact. In contrast, the c-SE cell showed increased
particle distances from mechanical separations, apparently
reducing the extent of oxidation reactions. Apart from that,
the formation of voids is believed to affect the gas release from
the bulk of the cathode to the surface.

We also monitored the evolution of SO,, which is a com-
mon phenomenon for SSB cells containing sulfide SEs and is
of utmost interest in this study. SO, formation and release is a
clear indication of chemical oxidation of the thiophosphate SE.
In case of the g-SE cell, a sharp peak corresponding to the mass
signal m/z = 64 [normalized with respect to the carrier-gas sig-
nal m/z =4 (He)] was detected at high SOC. SO, evolution has
been reported to be a result of the chemical reaction between
SE and reactive oxygen that is released from the CAM or the
electrochemical decomposition of residual surface carbonates
[55,57, 58]. However, the exact reaction mechanism (degrada-
tion route) is unclear at present. While SO, was clearly detec-
ted in the g-SE cell, no SO, evolution was observed for the
¢-SE cell. This result strengthens the argument above, where
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in case of the g-SE cell, the amount of released O, is decreased
in favor of SO, formation because of the better CAM/SE con-
tact. However, there remains the possibility that the increased
SO evolution is instead due to differences in composition and
chemical stability/reactivity. The lower cumulative amount of
O, for the g-SE cell could be attributed to the formation of non-
gaseous, oxidized sulfur species, resulting in the consump-
tion of reactive oxygen through side reactions (see section on
XPS/ToF-SIMS characterization below).

Lastly, we monitored the CO, mass signal (m/z = 44). CO,
evolution in SSB cells is typically indicated by sharp peaks
with onset voltages >4.2 V. However, CO, release has also
been observed at the beginning of the first charge cycle and
postulated to be due to side reactions at the anode [37, 54, 55].
At high voltages, CO, evolution could stem from three pos-
sible sources: (a) electrochemical decomposition of residual
surface carbonates present on the CAM patrticles, (b) chemical
oxidation of the polymer binder, and (c) chemical oxidation of
the carbon additive [37, 57]. The electrochemical decompos-
ition of surface carbonates is reported to proceed by the pro-
cess shown in equation S3 [58, 59]. While the mechanisms for
sources (b) and (c) are largely unknown, they are indirectly
observed by the coincidence of m/z = 44 and 32 signals at the
highest SOC [37]. This suggests that beyond 4.8 V vs LiT/Li,
reactions between the carbon-related components (binder and
additive) and the reactive oxygen are possible. Unsurprisingly,
the cumulative CO, evolution was similar with ~13.9 and
13.4 pmol/gnemenz for the g-SE and c-SE cells, respectively.
This is because CO, evolution is largely independent of the
type of SE used and rather dependent on the CAM surface
chemistry (carbonate impurities).

2.6. Interfacial degradation

Taken together, the gas analysis via DEMS revealed an
increased formation of SO, in the g-SE cell because of chem-
ical oxidation of the SE with reactive oxygen species released
by the CAM. To further investigate the interfacial reactions
occurring in the slurry-cast cathodes, we utilized a combina-
tion of post-mortem XPS and ToF-SIMS and studied the form-
ation of solid side products after 200 cycles.

Typical of thiophosphate-based SSBs, analysis of the S 2p
and P 2p core-level spectra before and after cycling was con-
ducted to probe the degradation products at the CAM/SE inter-
face. The XPS data in figure 6 were taken after 480 s sputtering
to mitigate any detrimental effects from the current collector
[27, 60]. The S 2p signals for the uncycled g-SE and c-SE cells
were fitted with three doublets (figure 6(a)). The first doublet
with binding energies of 160.1/161.4 eV (gray component)
represents the ‘free’ S~ ions from the SE crystal structure
and/or Li,S impurities [27, 46, 49, 60-63]. The relative sig-
nal intensity of this doublet decreased upon cycling because of
oxidation reactions occurring during charge, with the decrease
being more prominent in the g-SE cell. While the doublet
was still present after 200 cycles for the c-SE cell, it was not
detectable anymore for the g-SE cell. The second doublet at
161.7/162.7 eV corresponds to the PS>~ tetrahedra (red com-
ponent). The third doublet at 162.9/164.1 eV (blue component)

can be attributed to various compounds. On the one hand, this
includes anionic frameworks that thiophosphate SE phases can
pass through toward the formation of P,Ss [46, 62]. On the
other hand, the doublet may arise from oxidized sulfur species
(polysulfides) [61, 63]. Note that the signal position of poly-
sulfides depends on the chain length and gradually approaches
the theoretical binding energy of elemental sulfur [27]. The
pronounced signal intensity and broadening of this doublet for
the g-SE cell may either indicate stronger degradation reac-
tions or the presence of thiophosphate anions, i.e. P,S7*~ and
P,S¢>~, in agreement with Raman spectroscopy data obtained
onrelated xLi,S-yP,Ss-zLil phases [16, 48, 62-64]. After cyc-
ling, the g-SE cell showed a more severe degradation of the
sulfur species, apparent by an increase in signal contributions
at higher binding energies. The electrochemical decomposi-
tion reactions of the SE can, in principle, occur at all interfaces
allowing electron transfer in the cathode, i.e. towards the cur-
rent collector, the carbon additive, and the CAM, assuming the
polymer binder to be electronically insulating [27]. Hence, this
observation cannot be directly attributed to a specific interface
and/or differences in the thermodynamic stability window of
the SE. However, the S 2p spectrum for the g-SE cell showed
an additional weak component around 170 eV, not observed
for the c-SE cell. This signal is typically related to oxygen-
ated sulfur species in thiophosphate-based SSBs [49]. Because
the NCM622 is the only oxygen source in the cathode, it can
be directly attributed to CAM/SE interfacial degradation reac-
tions. This result thus indicates either an increased oxygen-
involving degradation because of the tight contact between
CAM and SE for the g-SE cell or a poorer chemical stabil-
ity of the glassy SE against reactive oxygen. Nevertheless, the
stronger signal of oxygenated sulfur species agrees with the
more significant SO, evolution discussed above.

For the interpretation of P 2p data, the spectrum is usually
deconvoluted into three contributions (figure 6(b)). The main
contribution was fitted with a doublet having binding energies
of 131.9/133 eV (red component) and can be assigned to the
PS,3~ tetrahedra [49, 61, 63]. The c-SE cell did not show
additional signal contributions prior to cycling. However, a
shoulder evolved at higher binding energies upon cycling,
which we relate to the overlapping of newly formed doublets,
analogous to the S 2p spectra [doublet at 133.2/133.9 eV (blue
component), anionic framework transitions and phosphorus-
containing polysulfide species; doublet at 134.4/135.4 eV
(orange component), oxygenated phosphorus species, such
as Li; PO, and/or transition-metal phosphates). Especially the
latter degradation products are believed to cause impedance
buildup at the cathode side [63, 65]. Again, because the only
oxygen source is the NCM622, the appearance of the doublet
at 134.4/135.4 eV is indicative of adverse oxygen-involving
side reactions at the CAM/SE interface. As somewhat expec-
ted, the higher binding-energy signals were more distinct for
the g-SE cell than for the c-SE cell.

Finally, ToF-SIMS analysis was used to gain further
insights into the interfacial degradation reactions. The high
sensitivity of ToF-SIMS allows to investigate side products
below the detection limit of XPS. However, ToF-SIMS is a
semi-quantitative method and direct comparison of secondary
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Figure 6. XP spectra of the (a) S 2p and (b) P 2p core levels of slurry-cast cathodes with glassy SE (1.5Li,S-0.5P,Ss-Lil) and crystalline
SE (LigPSsCl) collected before and after 200 cycles at a rate of C/5 and 45 °C. Box plots of the normalized intensity of (¢) PO, ™, (d) PO;
(e) SO, 7, and (f) SO;~ fragments for the uncycled and cycled g-SE and c-SE cells from ToF-SIMS depth-profiling analysis.

ion intensities presupposes an identical chemical matrix.
The matrix strongly determines the ionization probability
and therefore the signal intensity of the charged fragments.
Because SEs with a slightly different chemical composition
were used in this study, a direct comparison of normalized
intensities is not possible. For this reason, we considered the
two systems independently, without comparing absolute val-
ues. Instead, the relative signal changes from uncycled to
cycled cells were compared to assess differences in the degree
of degradation. Figures 6(c)—(f) shows results from ToF-SIMS
depth-profiling experiments. The first ten scans of the pro-
files were excluded in the evaluation to minimize detrimental
effects of the current collector. The PO, ™ and SO, ~ fragments
(2 < x < 3) increased in both cases upon cycling. A compar-
ison of the relative signal increase (A) between the g-SE and c-
SE cells revealed an increased oxygen-involving degradation
for the cathode using the glassy SE. This is in line with the
XPS and DEMS results. However, keeping in mind the Cou-
lombic efficiency of the g-SE cell, the majority of the interfa-
cial degradation products should have formed within the first
few cycles. Moreover, they appear to be stable over the course
of cycling.

Overall, the experimental data agree well with each other
and point toward the fact that there is a more intimate con-
tact between CAM and SE for the g-SE cell. Although interfa-
cial reactions (as seen in the initial cycles for the g-SE cell)

are known to adversely affect the cell impedance, the con-
tact loss (in the c-SE cell) apparently has a stronger effect
on the battery performance. The favorable formation of stable
(‘self-limiting’) interphases adds to the (chemo)mechanical
stability in the g-SE cell by ensuring tight CAM/SE con-
tact. Coupled with the already improved mechanical proper-
ties from the lower Young’s modulus, this leads to a well-
performing cell. In conclusion, the present work shows that
(chemo)mechanical and (electro)chemical effects are mutually
dependent and superimposed in the cycling data. If not con-
sidered carefully, this may lead to misleading interpretations.

2.7 Pushing the (Chemo)mechanical limit

The beneficial properties of the glassy SE can also provide
similar stability to NCM CAMs with an even higher Ni
content (exemplified here for NCM851005), which natur-
ally experience larger relative volume changes during cyc-
ling (AV/V ~ —6.5% at 4.4 V vs Lit/Li for NCM851005 in
LIBs) [10, 32]. The slurry-cast NCM851005 cell was cycled
under identical conditions (C/5, 45 °C) and in the same voltage
range of 1.35-2.85 V vs LiyTisO,,/Li;TisO,» (approximately
2.9-4.4 V vs Lit/Li) as the slurry-cast NCM622 g-SE cell
described above (figure 7). The first-cycle specific charge
and discharge capacities were 210 and 177 mAh/gnemssioos
(~2.7 mAh cm~2), respectively, corresponding to an initial
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Figure 7. Cycling performance of SSB cells using a slurry-cast
cathode with NCM622 (see also figure 1(a)) or NCM851005 and
with glassy SE (1.5Li,S-0.5P,Ss-Lil). Cells tested at 45 °C, C/5,
2.9-4.4V vs Li*/Li.

Coulombic efficiency of 84%. The cell was able to show an
extremely competitive capacity retention of ~78% after 400
cycles (~2.1 mAh cm~2) with a fade rate per cycle of only
0.054%, compared to 0.065% for the NCM622 (over 200
cycles).

3. Conclusion

Herein, we have investigated the influence of a glassy
(1.5Li,S-0.5P,Ss-Lil) and crystalline (LigPSsCl) thiophos-
phate SE on the cyclability of pelletized and slurry-cast SSB
cells. We demonstrate that (chemo)mechanical and (elec-
tro)chemical effects contribute to the overall better perform-
ance for the glassy SE. These effects are interconnected and
were elucidated with ex situ and in situ analytical techniques.
The (chemo)mechanical effects were probed using pressure
monitoring, for example, revealing an alternating increase/
decrease in pressure during cycling (breathing of CAM), thus
causing void/crack formation in case of the c-SE cell. In con-
trast, the g-SE cell exhibited signs of accommodating for such
pressure changes, which seems highly beneficial to the cyc-
ling stability. Finally, gaseous and solid degradation products
evolving at the CAM/SE interface were analyzed via DEMS,
EIS, XPS, and ToF-SIMS. From these results, we conclude
that the g-SE cell is more prone to interfacial degradation.
However, given the excellent electrochemical performance, it
is clear that the degradation products must be stable and suf-
ficiently (ionically) conductive to allow for reversible battery
operation [66].

Ultimately, considering all research data presented in
this work, we state that for the studied compositions, the
(chemo)mechanical benefits of a using a glassy SE outweigh
the increased decomposition for the good of the SSB perform-
ance. The sacrifice in capacity over the first few cycles for

improved capacity retention shows that the composition of
the as-formed CAM/SE interface is of prime importance and
strongly dictates the cyclability.

4. Methods

4.1. Materials and synthesis

Cells were prepared using LiNbOj;-coated Lij,(Nip6Cop2
Mng,)1,0, (NCM622, BASF SE) or LiNbOs-coated
Li1+_\—(Ni0'35C00,|0 Mn0_05)1__\-02 (NCMgS]OOS, BASF SE)
powder as CAM [25]. Two SEs, glassy 1.5Li,S-0.5P,Ss-Lil
and argyrodite LigPSsCl (NEI Corp.), with room-temperature
ionic conductivities of ~0.8 and 2 mS cm™!, respectively,
were used. Glassy 1.5Li,S-0.5P,Ss-Lil was synthesized by
mixing stoichiometric amounts of Li,S (99.9%, Sigma Ald-
rich), P>Ss (99%, Sigma Aldrich), and Lil (99.99%, Alfa
Aesar) in a planetary ball-mill (Fritsch) under an Ar atmo-
sphere for 12 h at 450 rpm using a 70 ml zirconia jar
[29]. LigPSsCl was used as received. Polyisobutene (OPN,
OPPANOL N 150, M, = 3.1-10° g mol~', BASF SE) was
used as binder for the study. Super C65 carbon black (TIM-
CAL) as an electronically conductive additive was dried at
300 °C in a vacuum overnight prior to use. LiNbOs-coated
NCM was prepared by coating a 1 wt.% sol-gel LiNbO; layer
onto the pristine CAM [25]. Carbon-coated LisTisO,, (LTO,
NEI Corp.) was used as AAM. All materials were handled and
stored in an Ar-filled glovebox from MBraun ([O,] < 0.1 ppm,
[H,0] < 0.5 ppm).

4.2. Preparation of pelletized electrode composites

The cathode composite was prepared by planetary mix-
ing LiNbO;-coated NCM622 with either glassy 1.5Li,S-
0.5P,Ss-Lil or argyrodite LigPSsCl SE and Super C65 car-
bon black (7:3:0.1 weight ratio) under an Ar atmosphere
for 30 min at 140 rpm [29]. The anode composite was
prepared in a similar fashion by planetary mixing carbon-
coated LTO with either glassy 1.5Li,S-0.5P,Ss-Lil or argyrod-
ite LigPSsC1 SE and Super C65 carbon black (3:6:1 weight
ratio).

4.3. Preparation of cathode sheets

The cathode composite contained LiNbO3-coated NCM622
(or LiNbOj-coated NCM851005), Super C65, OPN, and
either glassy 1.5Li,S-0.5P,Ss-Lil or argyrodite LicPSsCl SE.
Their quantities were calculated to achieve an electrode with
1 wt.% polymer binder. Preparation of the cathode composite
sheet involved a series of mixing steps, which are described in
detail elsewhere [37]. The slurry was coated onto an Al foil
with a mini-tape casting coater from MTI (300 pm doctor-
blade slit size). Finally, the electrode was dried at room tem-
perature in a two-step drying process. All chemicals and pro-
cessing steps were handled in an Ar environment (Jacomex
glovebox with [O,] < 1.0 ppm and [H,0] < 1.0 ppm).
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4.4. Cell assembly and electrochemical testing

A customized setup was used for both the powder and
slurry-cast cells. For the pelletized cell, 100 mg of
SE was compressed at 125 MPa. Following, ~11 mg
(~1.8 mAh cm~2) of cathode composite was placed on top of
the separator layer and subsequently compressed at 375 MPa.
Lastly, 60 mg of anode composite was pressed onto the other
side of the separator layer at 125 MPa (~200 pm thickness).
For the slurry-cast cell, both the sequence of assembly steps
and the applied pressures were identical. The only difference
was the cathode. Cathode sheet was punched out into a circular
geometry (9 mm diameter; g-SE cell: ~3.5 mAh cm~2, ¢-SE
cell: ~3.2 mAh cm~2) and placed on top of the separator layer.
During electrochemical testing, a stack pressure of 80 MPa
was maintained. Galvanostatic cycling was done at a rate of
C/5(1C=180 mA/gNCM622 or 190 mA/gNCM85|005) and 45 °C
in the voltage range of 1.35-2.85 V vs LiyTis0,,/Li; TisO,
using a MACCOR battery cycler. All cells were kept at 1 h
open-circuit voltage (OCV) prior to cycling.

4.5. EIS

EIS measurements were conducted on cells after 200 cycles
(C/5, 45 °C) using a SP-300 potentiostat (BioLogic). Spectra
were collected in the frequency range between 100 mHz and
7.0 MHz with an AC voltage amplitude of 10 mV and fitted
using the EC-lab software (BioLogic).

4.6. In situ pressure monitoring

After assembling the cell in the same customized setup used
for electrochemical testing, it was packed in a pouch bag and
removed from the glovebox. The rigid frame that was used
to maintain the stack pressure was modified to accommod-
ate an additional force sensor (KM26 10 kN, ME-MefBsysteme
GmbH). The sealed cell with the force sensor was sandwiched
within the custom frame and an initial pressure of 80 MPa
was set. The stack was then placed in a heating chamber at
45 °C. Prior to the beginning of a similar galvanostatic charge/
discharge measurement, a 24 h OCV period was maintained.
This was done to allow enough time for the temperature-driven
mechanical relaxation to occur and achieve a good baseline for
the recording of stress response during cycling. The cell was
cycled at a rate of C/5 in the voltage range of 1.35-2.85 V vs
LisTisO;,/Li; TisO, using a VMP3 multichannel potentiostat
(BioLogic).

4.7 CV

CV measurements were conducted using the same setup
described in the pressure-monitoring experiment. They were
performed in the voltage range of OCV-2.85 V for the first
cycle and 0-2.85 V vs Li; TisOy2/Li; Tis O, for the subsequent
cycles at a sweep rate of 0.05 mV s~! using a VMP3 mul-
tichannel potentiostat. The positive electrode consisted of
either glassy 1.5Li,S-0.5P,Ss-Lil or argyrodite LicPSsCl SE
and Super C65 carbon black with the weight ratio of 7.5:2.5.

The anode composite was similar to that used in the electro-
chemical measurements.

4.8. SEM

Cathode pellets/sheets were recovered from the cells in an Ar-
filled glovebox. The samples were then mounted onto a sample
holder using conductive carbon tape and probed using cross-
sectional SEM at 10 kV.

4.9. DEMS

The cells consisted of a slurry-cast cathode, an SE pellet separ-
ator (glassy 1.5Li,S-0.5P,Ss-Lil or argyrodite LigPSsCl), and
an In-foil anode. They were assembled in a method described
in previous publications [37, 55]. Galvanostatic cycling was
done at a rate of C/20 and 45 °C in the voltage range of
2.3-4.4 V vs In/InLi using a VMP3 multichannel potentiostat.
A 10 h OCV period was included in the beginning to allow
the cell to stabilize at the temperature and establish a proper
background for the mass spectrometer. The flow of carrier gas
(2.5mlmin~', 6.0 helium) was controlled by a mass flow con-
troller (F-201CV, Bronkhorst). For gas analysis, a mass spec-
trometer (OmniStar GSD 320 O2, Pfeiffer Vacuum GmbH)
was used. After each measurement, a calibration gas was intro-
duced to convert the measured ion currents into mol/g values.

4.10. XPS

XPS analysis was carried out with a PHIS000 Versa Probe II
system (Physical Electronics GmbH). Analogous to previous
studies, the samples were attached to the sample holder using
nonconducting adhesive tape [27, 60, 61]. During the measure-
ment, a dual-beam charge neutralization was applied. Addi-
tionally, depth profiling was done to clean the surface in order
to reduce the influence of degradation processes at the current
collector/SE interface. For analysis, a monochromatic Al-Ko
radiation (1486.6 eV) was used. The x-ray source was oper-
ated with a power of 50 W and voltage between 15 and 17 kV.
The experimental data were evaluated using the software Cas-
aXPS (version 2.3.22, Casa Software Ltd). The energy calibra-
tion was performed similarly to previous studies [27, 60, 63].
The XP spectra of all composite cathodes were calibrated in
relation to the energetic signal position of the main component
of the S 2p signal (PS43~) at 161.7 eV in order to avoid detri-
mental surface effects and misleading energy calibration when
using the C 1s signal. The suitability of the energy calibration
was verified with other main components of the SE. For signal
fitting, Shirley background, GL(30) line shapes, and common
fitting restrictions were applied [67].

4.11. ToF-SIMS

ToF-SIMS analysis was performed with a TOE.SIMS 5-100
system (IONTOF GmbH). It is equipped with a 25 keV Bi
cluster primary-ion gun for analysis and a dual-source column,
enabling depth profiling by using either O,* or Cs™ (up to
2 keV). In addition, a FIB option can be used to mill craters
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with monatomic gallium (30 keV). The samples were attached
to the sample holder using nonconductive adhesive tape. The
sample surface was flooded with low-energy electrons for
charge compensation. All measurements were done in negat-
ive ion mode using Bi; ™ species (25 keV) for analysis and a
cycle time of 60 us. Surface analysis was performed by oper-
ating the instrument in spectrometry mode (bunched mode).
This mode enables high signal intensities and a high mass res-
olution [FWHM m/Am > 4500 for m/z = 31.97 (S7)], thereby
minimizing effects of signal interferences in the mass spec-
tra. The analysis area was set to 150 x 150 pm? and raster-
ized with 256 x 256 pixels. Every patch was analyzed with
one frame and one shot per pixel and frame. For compar-
able measuring conditions, the analysis was stopped after a
primary-ion dose of 1 x 10'> ions cm~2 (static conditions).
The primary-ion current was ~0.5 pA. Ten mass spectra per
sample were measured in different areas on the surface to alle-
viate area-dependent effects and ensure the reproducibility of
results (increase statistics). The evaluation of ToF-SIMS data
was done with the software SurfaceLab 7.0 IONTOF GmbH).
All secondary ion images were normalized in relation to the
total ion signal to mitigate topographic effects. The signal
intensities were extracted from the respective normalized sec-
ondary ion images.
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Figure S1. Representative 1, 100™, and 200" cycle charge/discharge curves at a rate
of C/5 and 45 °C of pelletized SSB cells with (a) glassy SE (1.5Li2S-0.5P2Ss-Lil) and
(c) crystalline SE (LisPSsCl) and (b, d) corresponding specific discharge capacities and
Coulombic efficiencies over 200 cycles.

Figure S2. Top-view SEM images of the cathode of SSB cells in (a) pelletized and (b)
slurry-cast setups.
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Figure S3. The real part of impedance data plotted versus the (frequency)™2 and
corresponding linear fit at low frequencies for (a) the g-SE cell and (b) the c-SE cell
after 200 cycles at a rate of C/5 and 45 °C.

The following equations correlate the Warburg coefficient to the contact area at the
CAM/SE interface:*!

1
Zre(w) = Rsg + Rer + Dy - N (Eq.S1),

with Zze(w) being the real part of the impedance, Rgg the SE bulk resistance, Rqr the
charge-transfer resistance, Dy, the Warburg coefficient, and w the frequency.

D, = all < ! ) (Eq.S2)

" T R AVZ \eDs N

R is the gas constant, T the absolute temperature, n the number of electrons
exchanged in the redox process, F the Faraday constant, A the contact area, Di the
lithium-diffusion coefficient in the bulk electrode material, and ci represents the
concentration of lithium ions in the bulk electrode material.

- ”‘ru‘w‘ ;: "'9: W
‘ ‘.““' ..'i‘
g:".i‘ 8., Q'.

R8s S

Figure S4. Cross-sectional FIB-SEM slice images of slurry-cast cathodes with (a)
glassy SE (1.5Li2S-0.5P2Ss-Lil) and (b) crystalline SE (LisPSsCl). Note that the cathode
was not cold-pressed prior to the measurement. More pores within the SE particles are
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observed for the c-SE cell than the g-SE cell. Panel (a) shows a backscattered electron
image and panel (b) is a secondary electron image.
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Figure S5. Raw data of the uniaxial force of slurry-cast cathodes with (a) glassy SE
(1.5Li2S-0.5P2Ss-Lil) and (b) crystalline SE (LisPSsCl) recorded during cycling and the
corresponding change in uniaxial stress (o011) after baseline correction. SSB cells

tested at 45 °C, C/5, 2.9-4.4 V vs Li*/Li.
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Figure S6. Force and pressure response during cycling of slurry-cast cathodes with
(a) glassy SE (1.5Li2S-0.5P2Ss-Lil) and (c) crystalline SE (LisPSsCl) and (b, d)
corresponding specific discharge capacities and Coulombic efficiencies over 35 cycles.
SSB cells tested at 45 °C, C/5, 2.9-4.4 V vs Li*/Li.

Electrochemical decomposition of Li2COs impurities:

2Li,CO; — 4Li* + 4e~ +2C0, T + 0, 1 (Eq.S3)
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5.Conclusion and Outlook

The PhD project is centered around the primary use of differential electrochemical
mass spectrometry (DEMS) under various unique experimental procedures to
investigate SSB cells with a focus on the underlying degradation mechanisms during
cycling aiming towards large-scale processing. In our study, we have systematically
studied SSB cells from lab scale towards the transition phase towards large scale
processing. A focus on coupling the DEMS analysis technique to various standard
measurements such as XPS was performed at every stage of the systematic study.
Therefore, the conclusion and outlook will be focused on sulfide based SSBs on
manufacturability.

Summarizing the previous chapter, we have observed distinct differences in gassing
trend between SSB and LIB cells. The cumulative amount of gas evolution from SSB
cells are a magnitude of order lower than that of LIB cells largely due to the lack of a
liquid electrolyte. It was seen that 2CO: release contributed to most of the gas
evolution in LIB cells, which comes from both the electrochemical decomposition of
Li2COs-passivation layer and the oxidation of the carbonate-based electrolyte with
released reactive oxygen (*O2) from the NCM. The DEMS data was corroborated with
acid titration studies which found a larger fraction of Li2COzs remaining in the SSB cells.
Despite low amounts of gas evolution, SSB cells with sulfide-based SE are prone to
toxic H2S and SOz gas release when exposed to moisture and reactive oxygen,
respectively. However, the release of such gasses typically occurs only during
manufacturing and formation cycles. H2S is mostly never observed on a lab scale, in
part because assembly and handling of the cells is performed in a glove box under
inert atmosphere (Argon). However, in a series production, dry room environments with
moisture levels > 0.1 ppm are common, thus HzS release is unavoidable and must be
removed through proper gas circulation. During battery operation, SO2 can be
suppressed to a certain extent, where the use of suitable coating chemistries are
shown to suppress SOz evolution.®® Furthermore, the amount of SO: release depends
largely on the amount of released reactive oxygen (*O2) from the cathode (Ni-rich
layered oxides) during cycling, which decreases rapidly after the formation cycles.
Therefore, toxic gas evolution for SSBs can be easily removed during a battery
formation process and would not be a problem during operation as long as the cell
chemistries are not exposed to ambient conditions. On the topic of toxic gas evolution,
this is also observed for LIB cells in the form of HF gas. The release of HF gas is
intensified with higher temperatures or with mechanisms leading to cell failures. SSBs
do not run the risk of failure-induced gas evolution except when the cell packaging has
been subjected to mechanical damage, where moisture is introduced to the sulfur-
based cell chemistry. During the initial part of our studies, we established improved
safety from a gassing perspective by using DEMS and showed SSB cells possessing
comparable electrochemical performance with SOTA LIBs. The next stage of our
studies encompasses investigating the viability of transitioning SSB cell assembly from
powder-based lab scale towards slurry-cast processing. The study showed that the
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slurry-casting processes used to produce SOTA LIBs are viable for SSB production.
The wet-chemical process enabled closer particle-particle contact between the solid
components in the composite electrode, which was confirmed both by SEM images
and improved electrochemical performances. Moreover, XRD analysis showed that
wet-chemical processing with an appropriate choice of solvent and binder chemistries
do not lead to degradation of both the CAM and the SE chemistries. Screening of
parameters for wet-chemical processing is very time intensive, given the large number
of variations available. One way of reducing the large amount of data sets required is
the use of a simple statistical approach. Design-of-experiments (DoE) was employed
to screen conductive carbon additives and different binder chemistries with a goal to
optimize both the manufacturability and the electrochemical performance. In the DoE-
guided approach, the straight chain alkyl Polyisobutene (Oppanol) was found to be the
best performing largely due to its weaker chemical/physical interaction with the solid
components in the cathode composite. Both styrene butadiene rubber (SBR) and
hydrogenated nitrile butadiene rubber (hNNBR) were shown to interact directly/indirectly
to certain extents with either the solid electrolyte or the cathode active material, which
led to poorer electrochemical performance. These interactions were observable
indirectly from gas evolutions via DEMS. In the case of SBR, an enhanced CO:
evolution indicated a reaction between the binder and singlet O2 since it was the only
investigated binder chemistry with alkene chains (units). For hANBR, an enhanced SO
evolution suggested a destabilization of the sulfur-based SE structure, making it more
susceptible to chemical reactions with the released singlet O2. These observations
highlighted the importance of DEMS as an analytical tool in different stages of battery
research from an initial investigation on safety and degradation reactions to the
screening of parameters needed for production upscaling. The DoE approach allowed
us to produce robust electrode sheets and could be further used to further optimize
other components in the SSB cells. For example, the choice of SE is intensively studied
and there are a variety of chemistries available (polymers, oxides, and sulfides).
Through such a statistical approach, SSB cells with Li-anode compatibility or high
(chemo)mechanical stability could be realized because of material optimization. Such
a chemo-mechanical stable SE was observed in the later part of our studies with a
glassy SE. The choice of a glassy SE was an attempt in improving the cycling stability
of SSB, which has shown poor capacity retention among crystalline SE in our studies.
The cells with a glassy SE exhibited exceptional cycling stability in part due to an
improved interfacial formation that possesses both a high (electro)chemical and
(chemo)mechanical stability. The use of a DoE approach would eliminate discoveries
by chance and promote a more systematical approach towards material discoveries.
One of the reasons for the poor cycling stability was the crystalline nature of the SE
and its poor mechanical properties to suppress the volume changes of the CAM during
cycling. The use of a glassy SE was able to show improved electrochemical
performance, in part due to improved interfacial formation and having a low modulus.
The improved interfacial formation was verified by a combination of analytical
techniques, DEMS included. First cross-sectional SEM images showed lesser void
formations. Following which, DEMS showed a larger amount of molecular O2 evolution
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for the crystalline SE, while the glassy SE showed less than half of that. The larger Oz
evolution for crystalline SE was attributed to more distance (voids) between the CAM
and the SE, which allowed a higher fraction of singlet oxygen to physically decay to its
molecular state. Further corroborations with XPS and ToF-SIMS analysis also showed
increased degradation reactions for the glassy SE in the form of oxidized sulfur and
phosphor species, which is an indication of closer particle-particle contact between the
CAM and the SE. The improvement of cycling stability is an important stage towards
commercialization, since according to automotive standards, at least 1000 cycles are
required.®°2 Even at this stage of SSB research, DEMS has shown its versatility as
an analysis technique. In conclusion, further research needs to be conducted on the
anode side to achieve a fully casted cell. Attempts have been made with LTO sheets,
however due to its low content in the anode composite, balancing with the cathode
side required thick LTO sheets. This resulted in poor electrochemical performance.
There have been newly published approaches to the anode side for SSB, specifically
the use of Si anodes or Li metal anodes. Recently, Meng et al. reported the use of Si
anodes successfully in sulfide based SSB with excellent electrochemical
performance.®® With regards to Li metal anode in SSBs, companies such as
QuantumScape (oxide-based) and Solid Power (sulfide-based) have individually
reported cycling performance with Li metal anodes.1%%* After decades of concentrated
research on the cathode side, the anode side is currently the limiting factor to achieve
cost- and performance-competitiveness against SOTA LIBs. DEMS could play a role
as well in this stage of SSB commercialization and be able to provide new insights and
validations to other analysis techniques.
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Figures

Figure 1.1 Graphical representation of a conventional liquid-base LIB (left) and a solid-state
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Figure 1.2 Representative 1% cycle voltage profiles for common layered transition metal
oxides with LCO represented in black, NCM111 in red, NCM622 in green, NCM851005 in
blue and LNO in orange. The cells are cycled in a liquid-based LIB against a Li metal anode
at C/10 and 25°C in the voltage range 3.0 — 4.3 V. LP5 was used as the liquid electrolyte..... 9
Figure 1.3 Unit cell of the layered transition metal oxide [Li(TM)O2] with crystal structure

Figure 1.4 Unit cell of spinel LisTisO12 with crystal structure FA3m. ........ccceevevvveeceneneenieeneene, 12
Figure 1.5 Voltage profile of Lis+TisO12 as it transitions from spinel-LisTisO1> to rock-salt-
Li-TisO12 with graphical representation of the transformation (starting at the outermost
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Figure 2.1 Graphical representation of the DEMS setup. The individual components are
labeled ACCOTAINGIY.28...... .ottt e et et ae s st ae e et seas s e s sesn s eresens 15
Figure 2.2 Modified design of the DEMS cell design for use in SSB-DEMS analysis. Flow of
the carrier gas and the evolved gas during cycling is indicated. ...........c.ccecoveverenieenienenenennens 17

Figure 2.3 Representative Oz, 13CO, and ?CO; gas evolution of two thiophosphate-based
SSB (LisPSsCl and S-LisPSs) in both the old (free-standing) and new (sandwich in PEEK)
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Figure 2.4 Photograph of the ionization chamber (left) and the linear quadrupole/mass filter
(right) used in the mass spectrometer Omnistar GSD320 .........cccccevieieveiiecececeee e 20
Figure 2.5 Photograph of the secondary electron multiplier (SEM) used in the mass
spectrometer OMNIStAr GSD320........cci ittt et st sbe et e s reebesbeennas 22

Figure 3.1 Photographs of LisPSsCl SE dissolved in various solvents with decreasing polarity
index (from a to f). The degree of degradation and instability of the LisPSsCl SE is directly
correlated to the intensity of color change of both the suspension and the SE powder. The
panels show the dissolution of the SE in (a) methanol, (b) ethanol, (c) pyridine, (d) 2-
propanol, (e) o-xylene and (f) heptane. The study was carried out under in a glovebox (Ar-

atmosphere, [O2] < 0.1 ppm, [H20] < 0.5 PPM)..viriiiiiiiiiiieeeeceee ettt 28
Figure 3.2 XRD patterns of the LisPSsCl SE (black), CAM (NCM851005) (purple), cathode
composite before solvent treatment (red) and after treatment (0range). ......ccccveeveveeeeceerieennns 29

Figure 3.3 Single-blade (left) versus double-blade (right) doctor blades. (a) The height of the
reservoir (Ho) decreases as the slurry gets used up, resulting in an irregular pressure-driven
flow. (b) Height H is maintained even as the slurry is depleted, reducing the effect of irregular
Pressure-arivVen FIOW. ..ottt ettt ettt et e sae e be e nes 32
Figure 3.4 Representative Nyquist plots of LisPS4 powder (BASF) exposed to dry-room
conditions for different duration. The measured Li-ion conductivity provided by BASF was
0.13 mS/cm. After exposure to the glovebox environment (0 min), the conductivity was
measured at 0.08 mS/cm. Only after 30 min, do we start to see a change in ionic conductivity
that cannot be explained by measurement variance. The Li-ion conductivity of the SE powder
was performed with a symmetric cell with stainless-steel current collectors under a stack
pressure of 226 Pa (Diameter of cell = L1OMM). ..c.cooiiieiiieeee e e 35
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