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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 Li1+x(Ni1–y–zCoyMnz)1–xO2 (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 (𝛽-Li3PS4 and Li6PS5Cl). 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 O2 and SO2. The observation of toxic 

SO2 gas brings to attention the hazards of using sulfide SEs in SSBs. Additionally, the main 

contribution of CO2 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.  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.1 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.2  

Decrease in production costs for electric vehicles and improvements to battery 

technologies were demonstrated by Tesla Inc. with the Tesla Model S in 2011.3,4 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 LiFePO4 (LFP), layered transition metal oxides (LiNi1-x-yCoxAlyO2 

(NCA) or LiNi1-x-yCoxMnyO2 (NCM)5,6 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.7,8 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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in commercial LIBs. The use of lithium-metal anode is still limited due to its prevalent 

safety issues, despite offering the highest theoretical capacity (qth = 3860 mAh/g)9,10 

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 LIB11.  

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.12 In the case of sulfides, their major drawback lies in its low 

thermodynamic stability.13,14 Lastly, polymers are plagued by low lithium-ion 

conductivity at ambient temperatures. Elevated temperatures above 80°C are required 

for competitive performance.15 Among the mentioned systems, sulfide-based SSBs 

are the closest towards a breakthrough and are on the verge of commercialization16 

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.13,14 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).17 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.14 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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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.
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1.2. Principles of a Lithium-Ion 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 LiPF6), organic solvents (Ethylene carbonate, Dimethyl carbonate and 

additives that facilitate ionic conductivity, solid electrolyte interface (SEI) formation and 

improves battery life and safety.18 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.19–21 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. 

 

Figure 1.1 Graphical representation of a conventional liquid-base LIB (left) and a solid-
state LIB (right). 
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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 Li4Ti5O12 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.22 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)O2 ⇌ Li1−𝑥 (TM)O2 + 𝑥Li + 𝑥e− Eq. 1.1 

Anode:   Li4Ti5O12 + 𝑥Li + 𝑥e− ⇌ Li4+𝑥Ti5O12 Eq. 1.2 

The total redox reaction can then be given as: 
 

Li(TM)O2 + Li4Ti5O12 ⇌ Li4+𝑥Ti5O12 + Li1−𝑥 (TM)O2 Eq. 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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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:  

SOC ≅  
practical capacity

theoretical capacity
 x 100 % Eq. 1.4 

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:  

CE ≅  
discharge capacity

charge capacity
 x 100 % Eq. 1.5 

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.17 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.13,14 

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 (𝜂) at the interfaces and the ohmic resistance of the bulk 

phases (IR). The total cell voltage can be written as such:  

𝑈 = Δ𝐸 + 𝜂cathode + 𝜂anode + 𝐼𝑅  Eq. 1.6 

𝑈 = (𝐸𝑐𝑎𝑡ℎ𝑜𝑑𝑒 − 𝐸𝑎𝑛𝑜𝑑𝑒) + 𝜂cathode + 𝜂anode + 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 (𝐸𝑐𝑎𝑡ℎ𝑜𝑑𝑒 

and 𝐸𝑎𝑛𝑜𝑑𝑒). The Nernst’s equation gives the electrode potentials according to the 

following:  

𝐸𝑖 = 𝐸0 +
𝑅𝑇

𝑛𝐹
ln
𝑎reduction
𝑎oxidation

 Eq. 1.7 

with the standard electrode potential 𝐸0, 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 𝑎ox and the reduced species 𝑎red. It is 

however important to note that these individual electrode potentials (𝐸𝑖, 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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hydrogen electrode). Thus, all electrode potentials are potential differences and the 

potential difference (or electrode potential) under standard conditions is given as  𝐸0. 

However, as described by the Nernst’s equation, under non-standard conditions (𝑇 ≠

298 𝐾, 𝑃 ≠ 1𝑎𝑡𝑚, 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:23  

[H𝑃] + 𝑛Li
+ + 𝑛𝑒− ⇌ [Li𝑛H𝑃] Eq. 1.8 

where the oxidizing species is the vacant interstitial sites of the host structure (Li𝑛H𝑃) 

and the reducing species is the occupied interstitial sites (H𝑃). Thus, equation 1.7 can 

be rewritten as such:  

𝐸 = 𝐸0 +
𝑅𝑇

𝑛𝐹
ln

𝑎[H𝑃]

𝑎[Li𝑛H𝑃]
 Eq. 1.9 

activities for metal 
𝑎𝑖= 𝛾𝑖𝑥𝑖

→               
𝐸 = 𝐸0 +

𝑅𝑇

𝑛𝐹
ln

𝛾[H𝑃]𝑥[H𝑃]

𝛾[Li𝑛H𝑃]𝑥[Li𝑛H𝑃]
 Eq.1.9.1 

⇒ 𝐸 = 𝐸0 +
𝑅𝑇

𝑛𝐹
ln
𝑥[H𝑃]

𝑥[Li𝑛H𝑃]
+ ln

𝛾[H𝑃]

𝛾[Li𝑛H𝑃]
 Eq. 1.9.2 

with 𝑥𝑖 as the molar fraction and 𝛾𝑖 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 (𝐸𝑐𝑎𝑡ℎ𝑜𝑑𝑒). 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 (𝐸𝑎𝑛𝑜𝑑𝑒). Together, the 

processes at both cathode and anode will lead to an increase in Δ𝐸 (𝐸𝑐𝑎𝑡ℎ𝑜𝑑𝑒 − 𝐸𝑎𝑛𝑜𝑑𝑒), 
which meant an increase in the voltage of the electrochemical cell. The opposite is true 

during the discharge stage.  
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1.3. Positive Electrode (Layered Transition Metal Oxides, LiTMO2) 

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.24 LCO has relatively 

good cycling performance and is still used in commercialized LIBs. However, despite 

its high theoretical capacity (274 mAh/g), it only has a practical capacity of ~140 mAh/g 

within the voltage range of 2.5 V – 4.2 V vs Li+/Li.25,26 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 LiNiO2 (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 Ni4+ 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.27–30 In addition, thermal instabilities were also reported, which further limits 

its viability in a commercial LIB.31 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-

x-yCoxAlyO2 (NCA) or LiNi1-x-yCoxMnyO2 (NCM). The different substituted elements all 

have a role in achieving a balance between electrochemical performance and 

safety.32,33 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 Ni2+ ions available in the transition-metal oxide framework, thus the 

phase transformation to a rock-salt structure and forming the reactive Ni4+ 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 1st 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 qdis) and their respective mean 

charge/discharge (�̅�ch and �̅�dis) of the cathode active material with compositions 

LiCoO2 (LCO), LiNi0.33Co0.33Mn0.33O2 (NCM111), LiNi0.6Co0.2Mn0.2O2 (NCM622), 

LiNi0.85Co0.1Mn0.05O2 (NCM851005) and LiNiO2 (LNO). 

Cathode active material 
qch / 

mAh g−1 

qdis / 

mAh g−1 

�̅�ch / 

V 

�̅�dis / 

V 

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.27,34  

The crystal structure of all layered transition metal oxides is a layered 𝛼-NaFeO2 

structure (R3̅𝑚), 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 6c 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.  

 

 

Figure 1.3 Unit cell of the layered transition metal oxide [Li(TM)O2] with crystal 

structure 𝑅3̅𝑚. 
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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 Ni4+ 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 SO2 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 CO2 gas evolution. Furthermore, in some binder 

chemistries, an increase in SO2 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. Negative electrode (Li4Ti5O12) 

Li4Ti5O12 (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 (Fd3̅𝑚) 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 Ti4+ ions. The randomly distributed Li and Ti4+ 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 Ti4+ ions undergo a redox reaction which results 

in a phase transformation of the spinel structure to a rock-salt structure (Li7Ti5O12). 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).  

 

Figure 1.4 Unit cell of spinel Li4Ti5O12 with crystal structure Fd3̅m. 
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Figure 1.5 Voltage profile of Li4+xTi5O12 as it transitions from spinel-Li4Ti5O12 to rock-
salt-Li7Ti5O12 with graphical representation of the transformation (starting at the 
outermost surface inwards). 
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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.38 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 

1971.39,40 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”. 41 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.42,43 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 µL (for a small area 1cm2 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.44 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).45,46 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.46,47 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.45 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.48  
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Figure 2.1 Graphical representation of the DEMS setup. The individual components 
are labeled accordingly.48 

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., H2, CO2, O2, 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 O2), 

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–DEMS48 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 O2, 13CO2 and 12CO2 gas evolution of two thiophosphate-
based SSB (Li6PS5Cl and 𝛽-Li3PS4) in both the old (free-standing) and new (sandwich 
in PEEK) setup 
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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 ~ 10-8 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 (EI) or electron impact ionization.49 EI 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− → 𝑋𝑌𝑛+• + (𝑛 + 1)𝑒−(2.2.2), molecular fragments 𝑋𝑌+ 

𝑒−  → 𝑋𝑛+ + 𝑌• + (𝑛 + 1)𝑒−(2.2.3) or ion-pairs 𝑋𝑌+ 𝑒−  → 𝑋+ + 𝑌− + 𝑒−

 (2.2.4).50  

 𝑋𝑌 + 𝑒− → 𝑋𝑌+• + 𝑒− (2.2.1) 

 𝑋𝑌 + 𝑒− → 𝑋𝑌𝑛+• + (𝑛 + 1)𝑒− (2.2.2) 

 𝑋𝑌 + 𝑒−  → 𝑋𝑛+ + 𝑌• + (𝑛 + 1)𝑒− (2.2.3) 

 𝑋𝑌 + 𝑒−  → 𝑋+ + 𝑌− + 𝑒− (2.2.4) 

 



 2.2 Mass Spectrometry  

20 
 

 

 

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 (𝑚i/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 𝜔. 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 𝜔𝑡) and (𝑈 − 𝑉cos 𝜔𝑡). 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 [Φ(𝑥, 𝑦)] between the four rods is given by equation 

(2.2.5)(2.2.5).    

Φ(𝑥, 𝑦) =
(𝑥2 − 𝑦2)(𝑈 − 𝑉 cos𝜔𝑡)

𝑟0
2  (2.2.5)  

 
𝑟0 is the distance from the center of the square configuration to the rod. The equation 
of motion is given by equation (2.2.6). 

 

�⃗� = 𝑚�⃗� = −𝑧𝑒�⃗⃗�𝛷 (2.2.6) 
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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)). 
 

𝑚�⃗� = −𝑧𝑒�⃗⃗�𝛷  

  

→ 𝐹𝑥 = 𝑚
𝑑2𝑥

𝑑𝑡2
= −𝑧𝑒

𝜕𝛷

𝜕𝑥
 → 𝐹𝑦 = 𝑚

𝑑2𝑥

𝑑𝑡2
= −𝑧𝑒

𝜕𝛷

𝜕𝑦
 (2.2.7) 

  

𝑑2𝑥

𝑑𝑡2
+
2𝑒𝑧

𝑚𝑟0
2
(𝑈 − 𝑉 cos𝜔𝑡)𝑥 = 0  

 (2.2.8) 
𝑑2𝑦

𝑑𝑡2
−
2𝑒𝑧

𝑚𝑟0
2
(𝑈 − 𝑉 cos𝜔𝑡)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). 
  

𝑑2𝑥

𝑑𝜏2
+ (𝑎𝑥 − 2𝑞𝑥 cos 2𝜏)𝑥 = 0  

 (2.2.9) 
𝑑2𝑦

𝑑𝜏2
− (𝑎𝑦 − 2𝑞𝑦 cos 2𝜏)𝑦 = 0  

  
, with the dimensionless parameters 𝑎 and 𝑞 given as: 

  

𝑎𝑥 = −𝑎𝑦 =
8𝑧𝑒𝑈

𝑚𝑖𝜔2𝑟0
2       𝑞𝑥 = −𝑞𝑦 =

4𝑧𝑒𝑉

𝑚𝑖𝜔2𝑟0
2      𝜏 =

𝜔𝑡

2
 (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 𝜔 and 𝑟0 are kept constant in an operating mass spectrometer, 𝑎 and 𝑞 are 
considered proportional multiplications of the variables 𝑈 and 𝑉. Equation (2.2.10) can 
also be rewritten to equation (2.2.11). 
 

𝑈 = 𝑎𝑥 (
𝑚𝑖
z
)
𝜔2𝑟0

2

8e
     𝑉 = 𝑞𝑥 (

𝑚𝑖
z
)
𝜔2𝑟0

2

4e
 

 

(2.2.11) 
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Equation (2.2.11) shows that the parameters 𝑈 and 𝑉 are proportional to (𝑚𝑖/𝑧). Thus, 

by varying 𝑈 and 𝑉, while keeping the 𝑈/𝑉 ratio constant, the quadrupole is able to 

scan/filter for different masses (𝑚𝑖/𝑧). However, this also meant that for a given 𝑈 

and 𝑉 at a given time, only one specific (𝑚𝑖/𝑧) is allowed to pass through the 

quadrupoles. 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. 

 

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.12 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.51 The physical 

and chemical properties of commonly used solvents (both in LIBs and SSBs) are 

compiled in Table 1.52–55 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.51,56 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.51,56,57 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 PS4
 3− signals (~ 426 cm−1) and 

additional signals, which indicates both the partial degradation of the sulfide SE 

structure and the formation of impurities, respectively.57 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 Li6PS5Cl, revealing the formation of PO4
3-

-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.58 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 

Solvent 

𝑑𝑎 

(g cm3) 
𝜇𝑏 

(mPa s) 
𝐿𝐷50

𝑐  

(goralKgrat
−1) 

𝑝∗𝑑 
(kPa) 

𝑃𝐼𝑒 

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 4.3f 

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 2.4 

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 2.5 

o-Xylene 0.88 0.76 3.61 0.886 2.5 

      
a d: density and data from ref. 53 (Kosuke Izutsu Electrochemistry in Nonaqueous Solutions) 
b µ: viscosity and data from ref. 53 (Kosuke Izutsu Electrochemistry in Nonaqueous Solutions) 
c 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 Izutsu Electrochemistry in 

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

1978) 
f One 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.59,60 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.12,61 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 

quantitatively with the use of the median lethal dose (LD50) 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 [goralKgrat
−1 ] (see Table 2). A lower 

LD50 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.51  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.62 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.63  

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.51 

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) 

 

Styrene butadiene rubber (SBR) 

 

Poly(methyl methacrylate) (PMMA) 

 

Poly(ethylene vinyl acetate) (PEVA) 
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Hydrogenated nitrile butadiene rubber 
(hNBR) 

 

Poly(vinylidene fluoride) (PVDF) 

 

Polyvinylpyrrolidone (PVP) 

 

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 (Li6PS5Cl 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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Figure 3.1 Photographs of Li6PS5Cl SE dissolved in various solvents with decreasing 
polarity index (from a to f). The degree of degradation and instability of the Li6PS5Cl 
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, [H2O] < 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. 

 

  

Figure 3.2 XRD patterns of the Li6PS5Cl SE (black), CAM (NCM851005) (purple), 
cathode composite before solvent treatment (red) and after treatment (orange).  

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 (µ) with the same weight fraction. The 
viscosities decreased in the following order: µOPN > µSBR > µhNBR. 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 
1O2) 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.65 

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.66  

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 m2 g–1), 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 µm) 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 

Recipe 

Components NCM622, Li6PS5Cl, C65, OPN 

Solvent content 42.1 wt% 

Solid content 57.9 wt% 

Binder content 1 wt% 

Slit size 240 µm 

Substrate Aluminum 

Speed 25 mm/s 

Mixing 
steps 

Step 1 
Mechanical dry mixing of NCM622, Li6PS5Cl, C65 at 

600 rpm, 2 min 

Step 2 
Added 1400 mg o-xylene (pre-wetting) and 12 mg 

milling balls (diameter = 1mm) 

Step 3 Mechanical wet mixing at 700 rpm, 2min 

Step 4 Added OPN binder-solvent solution 

Step 5 2x Mechanical wet mixing at 2000 rpm, 6 min 

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.g., 

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.12  Another design difficulty would be the determination of mass 

loading.67 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.68  

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.69–73 In general, there are two 

types of doctor-blade system, a single-blade and a double-blade system (Figure 

3.3).70,74 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. 

 

 

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).71 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 µm slit size 

was moving at speeds of 25-30 mm/s and allowed the fabrication of ~60 µm 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.75 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.76–80 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.12,81 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.82–89 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.89 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 Li3PS4 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 Li3PS4 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 254 MPa (Diameter of cell = 10 mm). 
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4.  Results and Discussion 
 

4.1. Gas Evolution in Lithium-Ion 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 H2, 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 Li2CO3-coated Li1+x(Ni0.6Co0.2Mn0.2)1-xO2 (NCM622) with a 13C 
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 Li3PS4 and Li6PS5Cl. We compared the gas evolution 
between the two SEs and noticed slight differences in the SO2 signals. While a distinct 
SO2 signal was observed for Li3PS4, none was seen for Li6PS5Cl, which we attribute 
to its higher chemical stability towards reactive singlet oxygen (1O2) that originates from 
the NCM lattices at high state of charges (SOCs) (> 80%). The formation of SO2 gas 
from the reaction between 1O2 and the thiophosphates is first supported by the 
coincidence of the O2 and the SO2 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 Li2CO3 surface impurities also leads to the 
evolution of both CO2 and 1O2. 

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 O2 and 
CO2 (12C and 13C) recorded.  The LIB system released a significantly larger amount of 
12,13CO2 gas. This difference is related to the following reasons: (1) An increase in 
electrochemical decomposition of the Li213CO3 coating layer and (2) the oxidation of 
the 12C-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 1O2 is consumed through side reactions with the carbonate liquid 
electrolyte, leading to large amounts of 12CO2 formation. In contrast, SSB cells possess 
less components for such oxidation processes to occur, thus a higher fraction of 1O2 
would physically decay into molecular O2, resulting in higher amount of O2 measured 
for SSB cells. Therefore, the 12CO2 and O2 gas evolution has opposing trends in both 
SSB and LIB cells. As for the increase in electrochemical decomposition of the 
Li213CO3, 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 Li213CO3. Hence, a higher fraction of Li213CO3 undergoes 
electrochemical decomposition. We further supported this argument with post-mortem 
analysis to find out the remaining amount of Li213CO3 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 Li213CO3 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 Li2CO3 coating (13C) 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. Balázs 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. Jürgen 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-Ion 
Batteries: Solid versus Liquid Electrolyte.  ACS Appl. Mater. Interfaces 2020, 12, 
20462-20468) Copyright © 2020 American Chemical Society. 
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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 type/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 
Li1+x(Ni0.6Co0.2Mn0.2)1-xO2 (NCM622), Li3PS4 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% VGCF. 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 (RCAM/SE) and the solid electrolyte 
grain boundary resistance (Rgb) in the following order OPN>SBR>hNBR. The reduced 
RCAM/SE 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 Rgb 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, 1O2). With the incorporation of an 
additional carbon-containing component (binder) to the system, we will be looking at 
both the CO2 and SO2 evolution behavior. Interestingly, SBR-electrodes show a 
depressed SO2 signal coupled with a larger CO2 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 SO2 signal was measured for hNBR-electrodes, 
despite a non-proportional release of O2. Despite having a lower SOC and lesser 1O2 
evolution, it showed a comparable SO2 signal intensity to that of OPN-electrodes, 
which again suggests a more chemically active thiophosphates with respect to 1O2. 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. Jürgen 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., Tripković, Đ., 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. 
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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 LiNbO3 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-0.5P2S5-LiI and 
Argyrodite Li6PS5Cl) 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 particle-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 SO2 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 O2 and SO2 trend for both SE. While low amounts of O2 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 
(1O2) 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. Jürgen 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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Figure S1. Representative 1st, 100th, and 200th cycle charge/discharge curves at a rate 

of C/5 and 45 °C of pelletized SSB cells with (a) glassy SE (1.5Li2S-0.5P2S5-LiI) and 

(c) crystalline SE (Li6PS5Cl) 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)−1/2 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:[1-3] 

𝑍RE(ω) = 𝑅SE + 𝑅CT + 𝐷W ∙
1

√ω
          (𝐄𝐪. 𝐒𝟏), 

with 𝑍RE(ω) being the real part of the impedance, 𝑅SE the SE bulk resistance, 𝑅CT the 

charge-transfer resistance, 𝐷W the Warburg coefficient, and ω the frequency. 

𝐷w =
𝑅𝑇

𝑛2𝐹2𝐴√2
(
1

𝑐i√𝐷i
)                     (𝐄𝐪. 𝐒𝟐) 

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. 

 

 

Figure S4. Cross-sectional FIB-SEM slice images of slurry-cast cathodes with (a) 

glassy SE (1.5Li2S-0.5P2S5-LiI) and (b) crystalline SE (Li6PS5Cl). 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. 

 

 

Figure S5. Raw data of the uniaxial force of slurry-cast cathodes with (a) glassy SE 

(1.5Li2S-0.5P2S5-LiI) and (b) crystalline SE (Li6PS5Cl) recorded during cycling and the 

corresponding change in uniaxial stress (σ11) 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-0.5P2S5-LiI) and (c) crystalline SE (Li6PS5Cl) 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 Li2CO3 impurities: 

2Li2CO3 → 4Li
+ + 4e− + 2CO2 ↑  + O2 ↑           (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 12CO2 release contributed to most of the gas 

evolution in LIB cells, which comes from both the electrochemical decomposition of 

Li2CO3-passivation layer and the oxidation of the carbonate-based electrolyte with 

released reactive oxygen (1O2) from the NCM. The DEMS data was corroborated with 

acid titration studies which found a larger fraction of Li2CO3 remaining in the SSB cells. 

Despite low amounts of gas evolution, SSB cells with sulfide-based SE are prone to 

toxic H2S and SO2 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 H2S 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 SO2 evolution.90 Furthermore, the amount of SO2 release depends 

largely on the amount of released reactive oxygen (1O2) 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 



 
 

107 
 

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 (hNBR) 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 CO2 

evolution indicated a reaction between the binder and singlet O2 since it was the only 

investigated binder chemistry with alkene chains (units). For hNBR, an enhanced SO2 

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 O2 

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.91,92 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.93 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.16,94 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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Equations 
 
𝑋𝑌 + 𝑒−→ 𝑋𝑌 +• +𝑒 −                                                                                                              (2.2.1) ..... 19 

𝑋𝑌 + 𝑒−→ 𝑋𝑌𝑛 +• +(𝑛 + 1)𝑒 −                                                                                                 (2.2.2) ..... 19 

𝑋𝑌 +  𝑒− → 𝑋𝑛 + + 𝑌 • + (𝑛 + 1)𝑒 −                                                                                        (2.2.3) ..... 19 

𝑋𝑌 +  𝑒− → 𝑋 + +𝑌 − + 𝑒 −                                                                                                        (2.2.4) ..... 19 

Φ(x, y) =
(x2-y2)(U-Vcosωt)

r0
2                                                                                                  (2.2.5) ..... 20 

F⃗⃗ = ma⃗⃗ = -ze∇⃗⃗⃗Φ                                                                                                                           (2.2.6)...... 20 

ma⃗⃗ = -ze∇⃗⃗⃗Φ 

                                    → Fx = m
d2x

dt2
= -ze

∂Φ

∂x
         → Fy = m

d2x

dt2
= -ze

∂Φ

∂y
                  (2.2.7) ..... 21 

d2x

dt2
+
2ez

mr0
2 (U-V cosωt)x = 0     

d2y

dτ2
-(ay-2qy cos 2τ)y = 0                                        (2.2.8) ....... 21 

d2x

dτ2
+ (ax-2qx cos 2τ)x = 0    

d2y

dτ2
-(ay-2qy cos 2τ)y = 0                                          (2.2.9) ....... 21 

ax = -ay =
8zeU

miω
2r0
2       qx = -qy =

4zeV

miω
2r0
2      τ =

ωt

2
                                                    (2.2.10) ...... 21 

U = ax (
mi

z
)
ω2r0

2

8e
      V = qx (

mi

z
)
ω2r0

2

4e
                                                                            (2.2.11) ...... 21 
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flow. (b) Height H is maintained even as the slurry is depleted, reducing the effect of irregular 
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Figure 3.4 Representative Nyquist plots of Li3PS4 powder (BASF) exposed to dry-room 

conditions for different duration. The measured Li-ion conductivity provided by BASF was 
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