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All-solid-state batteries (ASSBs) are viewed as promising next-generation energy storage 

devices due to their enhanced safety, which results from replacing organic liquid electrolytes with 

non-flammable solid-state electrolytes (SSEs). However, ASSBs are still in the development 
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stage, and further efforts are required before they can be commercialized. While energy density, 

power density, and cycle life are frequently mentioned challenges for real-world applications, the 

progress on scalable manufacturing of ASSBs is often overlooked. Recognizing this, the thesis 

aims to address practical manufacturing considerations for ASSBs, including layer fabrication, 

material selection, and cell integration. 

In the field of layer fabrication, most studies have emphasized only electrochemical 

performance, neglecting the uniformity of the films. The relationship between manufacturing 

parameters and the physical properties of SSE films was analyzed using machine learning (ML), 

revealing that both ionic conductivity and film uniformity are crucial for quality evaluation. To 

underscore the importance of material selection for scalable manufacturing, the stability of sulfide 

and chloride SSEs in ambient air and dry rooms was assessed, as dry rooms are often utilized in 

the scalable manufacturing of Li batteries. The degradation mechanisms of different SSEs were 

investigated, and their recoverability after degradation was evaluated. Lastly, all materials were 

integrated into all-solid-state pouch cells (ASSPCs) and operated using newly designed isostatic 

pouch cell holders (IPCHs), which provide cycling pressure with improved uniformity and accuracy 

compared to conventional uniaxial pouch cell holders (UPCHs). IPCHs significantly increased the 

utilization and capacity retention of ASSPCs and are lighter than UPCHs. The research potential 

of IPCHs was demonstrated by establishing an accurate relationship between electrochemical 

performance and cycling pressure. Collectively, these findings contribute significantly to the 

advancement and understanding of the complexities involved in the development and scalability 

of ASSBs. 
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Chapter 1. Introduction 

1.1 All-Solid-State Batteries 

Since the introduction of lithium (Li)-ion batteries (LIBs) in the 1990s,1 their distinguished 

attributes, notably high energy density (approximately 250 Whkg-1), outstanding cycle life, low 

self-discharge, and lightweight nature, have revolutionized the landscape of portable electronic 

devices and electric vehicles (EVs).2 Nevertheless, a significant safety concern arises when LIBs 

are subjected to overheating, triggering a cascade of events, such as thermal runaway, separator 

melting, reaction of the organic solvent with the anode, decomposition of the solid electrolyte 

interphase (SEI) and cathode, and the release of flammable gases and oxygen. These events 

amplify the risks of fires, explosions, and other related hazards.3-4 Central to these safety 

challenges is the employment of combustible liquid electrolytes, especially as the issues intensify 

in next-generation, high energy-density lithium-based batteries like Li-metal, Li-sulfur (Li-S), and 

Li-oxygen/air (Li-O2/air) batteries.2, 5 

In response to these challenges and to align with the surging market demands, there is an 

urgent call for innovations to enhance both safety and energy density. A pivotal step in this 

direction is to replace liquid electrolytes with solid-state electrolytes (SSEs), a transition 

considered promising to augment the safety and energy density of LIBs. In fact, all-solid-state 

batteries (ASSBs) are expected to increase the energy density by over 20% compared to 

conventional LIBs, especially when paired with high-capacity anodes that are incompatible with 

liquid electrolytes.6 Despite these advancements, the inherent boundaries set by the 

cathode/anode chemistry of LIBs underscore that there's restricted room for elevating their energy 

densities further. Consequently, Li-metal and Si anode, distinguished by their impressive 

theoretical specific capacity (3860 mAh g-1 for Li and practically 3590 mAh g-1 for Li15Si4) and a 

favorable electrochemical potential,7 has garnered significant attention. This culminated in the 

emergence of ASSBs utilizing Li or Si anodes as a potential successor to LIBs, drawing 
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widespread recognition for their enhanced safety and formidable energy density, exceeding 500 

Wh kg-1 .8-9 

In contemporary battery research, the spotlight is intensely cast on safety, energy density, 

cost-effectiveness, and environmental sustainability. The paradigm shifts towards SSEs and high-

capacity anodes, moving away from traditional liquid electrolytes and graphite, epitomizes a 

transformative approach in battery technology. This transition addresses the pressing safety 

concerns while concurrently catering to the ever-expanding energy density requirements. While 

the prospects of ASSBs radiate promise, the journey to their practical implementation is riddled 

with obstacles, notably poor interface contact, diminished ionic conductivity, and subpar electrode 

design. Current research strategies primarily target these impediments, albeit within strictly 

defined conditions such as specific temperatures and pressures. As a result, a disparity exists 

between laboratory prototypes and their scaled-up counterparts, despite the validation of certain 

innovative techniques at the laboratory scale. The thesis will delve deep into the nuances of ASSB 

technology, illuminating the path from recent advancements to design intricacies, and addressing 

the challenges of scale-up. 

1.2 Fabrication of All-Solid-State Batteries 

Similar to conventional LIBs, ASSBs also consist of cathode, electrolyte and anode layers. 

However, SSEs cannot flow like liquid electrolytes, cathodes often appear in the form of 

composites. Most cathode composites consist of uniform mixtures of active cathode materials, 

SSEs to transport Li ions, and carbon additives to conduct electrons. Most studies utilize alloy 

anodes in ASSBs, as they often exhibit high electronic conductivity and sufficient ionic 

conductivity, and thus SSEs and carbon additives are not mandatory. There are a wide variety of 

SSEs with different properties, such as ionic conductivity, mechanical properties, chemical and 

electrochemical stability windows, that are suitable for pairing with different anode or cathode 
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materials.10-11 All ingredients are solid and typically assembled into cells by pelletizing the powders 

layer by layer or staking the preformed free-standing films followed by calendering. Slurry and dry 

process are the two most used methods to fabricate free-standing films. 

1.2.1 Selecting Inorganic Solid-State Electrolyte 

The history of alkaline metal ionic conductor can be dated back to 1960s, when Na+-β-

Al2O3 was synthesized.12 Afterwards, polyethylene oxide was reported as ionic conductor in 1973, 

and thus SSEs were no longer limited to inorganic materials. SSEs need to exhibit high ionic 

conductivity to reduce the polarization during cell operation to enable high power density of 

ASSBs, while possess low electronic conductivity to prevent short circuit or current leakage 

between cathodes and anodes. As SSEs are in direct contact with cathodes and anodes, forming 

stable and intimate interfaces is requisite during cell operation.9, 13 While the electrochemical 

windows of SSEs may not cover the electrochemical potential of cathodes and anodes, most 

interfaces will eventually stabilize if cathode electrolyte interphases (CEI) on cathode interfaces 

and solid electrolyte interphases (SEI) on anode interfaces are ionically conductive and 

electronically insulative.14-16 In some cases, additional coating layers are required to mitigate 

anion exchange between cathodes and SSEs. The mechanical properties, specifically Young’s 

modulus, of SSEs determine whether they form intimate contact with electrode materials easily.17 

Simple cold press or warm press can be applied to calender the cell when SSEs with lower 

Young’s modulus are employed, while SSEs with high Young’s modulus may demand high 

temperature sintering.18-19 The chemical stability in air largely influences the processability in 

scalable manufacturing, as they need to be processed in dry rooms.20 Unlike Ar-filled gloveboxes 

used in research labs, dry rooms are employed in battery industry, since they are cheaper to 

maintain and provide large space for manufacturing equipment.21-22 However, H2O (regulated 

depending on the dew point rating of dry rooms), O2, and CO2 exist in dry room atmosphere, and 

they are considered to be chemically incompatible with some SSEs. Hence, selecting SSEs that 
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are compatible with dry room environments is crucial for scalable manufacturing. Several 

categories of SSEs have been reported: Oxides, sulfides, halides, borohydrides and polymers.23-

24 SSEs from each category have different properties. Here, only oxides, sulfides and halides are 

discussed (Figure 1.1), as borohydrides are expensive to prepare, and polymers often exhibit 

worse chemical and electrochemical properties than inorganic SSEs. 

 

Figure 1.1. (a) A list of physical and electrochemical properties of oxide and sulfide SSEs.2 (b) the 
calculated electrochemical windows of halide, oxide and sulfide electrolytes.25 
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1.2.1.1 Oxide Electrolytes 

The most reported oxide SSEs can be grouped into four major categories: garnet (e.g., 

Li7La3Zr2O12), perovskite (e.g., Li3.3La0.56TiO3), NASICON (e.g., LiTi2(PO4)3), and LISICON-type 

(e.g., Li14Zn(GeO4)4).26-27 Garnet SSEs are the frequently used SSEs because of their high 

conductivity. Garnet-like SSEs were first synthesized in 2003 with a low ionic conductivity of 10-6 

S cm-1. It was after the emergence of the doping techniques that stabilized their cubic structure to 

room temperature that garnets started to draw attention due to their superior ionic conductivity of 

10-3 S cm-1.28 Although perovskite SSEs also possess high bulk conductivity of 10-3 S cm-1, their 

grain boundary resistance is large, resulting in low overall ionic conductivity of 10-5 S cm-1. Hence, 

their application is rather limited.29-30 NASICON type SSEs are another category that capture 

much interest. They are relatively resistant to air exposure and exhibit decent ionic conductivity, 

especially after melting, quenching and annealing technique was developed.31-33 Despite the 

thermal and water stability of LISICON SSEs, their low ionic conductivity restricts further 

development. 

Oxide SSEs exhibit decent ionic conductivity and outstanding oxidation stability, as a high 

potential is required to oxidize O2- ions.34 However, they are not stable against anode materials. 

Transition metals tend to reduce during Li insertion (e.g. Ti4+ + e- → Ti3+), and Li dendrites can 

grow along the grain boundary, or even inside a single crystal Li7L3Zr2O12. Moreover, the sintering 

temperature of oxide SSEs is usually close to or exceed 1000°C, making their fabrication process 

energy consuming. Furthermore, their high Young’s modulus prevents them from forming intimate 

contact with electrode materials after cold or warm press. High temperature sintering, and 

adulteration of polymer electrolytes, or even liquid electrolytes, are often the measures to improve 

interfacial contact.26-27 Hence, the application of oxide SSEs in ASSBs is considered limited. 
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1.2.1.2 Sulfide Electrolytes 

Sulfide SSEs can be categorized into two groups: binary and ternary systems. The binary 

systems are made up of Li2S and P2S5, examples being Li3PS4 and Li7P3S11.35-36 On the other 

hand, ternary systems are composed of Li2S, P2S5, and MS2 (with M representing Si, Ge, or Sn), 

like Li10GeP2S12 and Li6PS5X (where X can be Cl, Br, or I).37 

Sulfide SSEs exhibit excellent ionic conductivity, with many exceeding 10-3 S cm-1. 

However, since S2- and P5+ are easily oxidized at 2.3 V or reduced at 1.3 V vs Li+/Li, sulfide SSEs 

generally show narrow electrochemical windows. Tan et al. found that Li6PS5Cl (LPSCl) forms S 

and P2S5 upon oxidation, and Li2S and Li3P after reduction.38 When contacting layered oxide 

cathodes, S2- often undergoes ion exchange reaction with O2- in cathode materials and forms 

transition metal sulfides, PO4
3- and SO4

2-. Moreover, S2- tends to react with moisture in ambient 

air to form toxic H2S.39 Some research doped heavy metals, such as Sn and Sb, to reduce the 

reactivity, but the effect is limited.17, 40 Despite these drawbacks, sulfide SSEs still catch much 

attention, as the electrochemical window is not the only metric that dictate the stability of SEI and 

CEI. For example, LPSCl was demonstrated to be stable for 500 cycles in Li3BO3-coated 

LiNi0.8Co0.1Mn0.1O2 | Si, whose operating electrochemical potentials on both cathode and anode 

are well beyond the stability window of LPSCl.41-42 While LPSCl forms SEI (consists of Li2S, Li3P 

and LiCl) and CEI (consists of S, P2S5 and LiCl) with the electrode materials in the beginning, its 

CEI and SEI are electronically insulative to prevent further side reactions, and thus passivate 

quickly. Ion-exchange reaction of S2- and O2- was also alleviated with LBO coating. Nevertheless, 

such a strategy does not apply to the cathodes with large surface area (e.g., LiFePO4). On the 

other hand, when heavy metal ions, such as Ge4+ in Li10GeP2S12, are contained in sulfide SSEs, 

they reduce to metal form when exposed to reduction environment, making the SEI electronic 

conductive and thus the SEI is not passivated.43-44 On another hand, despite their reactivity with 

ambient air, the root cause of degradation is moisture.45 Hence, sulfide SSEs were found to be 
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dry room compatible. Regarding the processibility, sulfide SSEs require much lower synthesizing 

temperature than oxide SSEs, resulting in lower energy consumption, and their low Young’s 

modulus make them adaptable to simple cold or warm press during calendering. Combining the 

above results, sulfide SSEs are considered promising for scalable manufacturing for ASSBs. 

1.2.1.3 Halide Electrolytes 

Halide SSEs, such as LiAlCl4, Li2MnCl4 and Li3InBr6 were studied several decades ago but 

did not gain much attention, due to their low ionic conductivity of less than 10-7 S cm-1.46 It was 

until 2018, when Tetsuya Asano et al. obtained Li3YCl6 and Li3YBr6 with high ionic conductivity of 

approximately 10-3 S cm-1 through high energy ball mill, that halide SSEs regained research 

interest.47 Most halide SSEs have a chemical formula of LiaMXb, where M is metallic cation and X 

is halide anion. Halide SSEs with several metal centers have been studied, including rare-earth 

elements (e.g., Sc, Y, La-Lu), group 13 elements (e.g., Al, Ga, In), and transition metal elements 

(e.g., Fe, Zr, Hf). Halides with mixed metal centers (e.g., Li3-xIn1-xZrxCl6) were also synthesized to 

improve either ionic conductivity or moisture stability.48-49 Depending on the ionic radius ratio 

between metal center and halide anion, halide SSEs exhibit three major structures: Trigonal (P -

3 m 1), orthorhombic (P n m a), and monoclinic (C 2 / m). 

Most halide SSEs are hygroscopic, originating from their metal halide precursors. As such, 

they are also considered sensitive to air exposure since they undergo hydration or hydrolysis 

reaction when reacting with moisture. Some halide SSEs can be recovered by simple heating 

(e.g., Li3InCl6. This SSE can even be synthesized through water mediated process), others 

experience irreversible degradation.50-51 Some halide SSEs rely on low crystallinity or disordered 

structures to increase ionic conductivity, and thus they can be sensitive to temperature, as heating 

and cooling the SSEs results in higher crystallinity and their ionic conductivity drop significantly. 

The oxidation stability of halide SSEs originates from their anions, and the stability decreases 
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from F- to I-. Chloride SSEs are the most studied halides, due to their better ionic conductivity (10-

4 – 10-3 S cm-1) than fluorides and superior oxidation stability (4.0 – 4.3 V vs Li+ / Li) compared to 

sulfide electrolytes. For example, Jang et al. utilized Li3YCl6 as catholyte and enabled high voltage 

LiNi0.5Mn1.5O4 (LNMO) ASSBs, and Cronk et al. realized LiFePO4 ASSBs with Li2ZrCl6 catholyte.52-

53 Nevertheless, most halide SSEs are not reductive stable, as most of their metal centers would 

reduce to metallic form and result in electronically conductive SEI. Halide SSEs possess low 

Young’s modulus, and are suitable for calendering with simple cold / warm press. Due to their 

oxidation stability and low Young’s modulus, chloride SSEs still gain much attention, and efforts 

are continuously made to mitigate the moisture and temperature sensitivity problems. 

1.2.2 Fabricating Electrodes and Electrolyte Layers 

Aiming to commercialize ASSBs, not only pouch type format must be developed to 

address energy density advantages, but the manufacturing process must also mimic the existing 

techniques used by conventional LIBs to avoid the efforts and costs required to redesign new 

fabrication equipment.27, 54 There are already multiple established cell configurations used for 

conventional LIBs: cylindrical, prismatic, single sheet stacking and Z-stacking (Figure 1.2). Unlike 

conventional LIBs, ASSBs require fabrication press, typically from 100 to 500 MPa, after assembly 

to densify the cell and facilitate interfacial contact. The inner layers of cylindrical or prismatic 

configuration may suffer from ununiform pressure and increase the chance of cell failure. As such, 

only single sheet stacking and Z-stacking are suitable for ASSBs. To conduct sheet stacking, 

each layer should either be coated on a substrate (such as metal current collectors) or free 

standing. As the inorganic SSEs are brittle, high thickness is required to mechanically support 

ASSBs.55-56 As such, it is imperative to add polymer binders to form thin and flexible layers. Slurry 

process and dry process are the two methods frequently used to produce films. 
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Figure 1.2. A list of cell configurations used for conventional LIBs. 

1.2.2.1 Slurry Process 

To conduct the slurry process, powders are uniformly mixed with polymer binders and 

solvents to form slurries, and then cast on smooth and flat substrates using doctor blades. After 

drying the solvents, polymer binders are coated on SSE particles and glue them together to form 

films. Most sulfide SSEs are not chemically stable with polar solvents. Hence, solvents with low 

polarity should be used, and this also limits the polarity of polymer binders since the binders need 

to be soluble in solvents.57 As SSE and electrode material particles need to be uniformly dispersed 

in slurries, a suitable composition is essential to obtain good rheological properties. However, 

when increasing the coating thickness, particles inevitably precipitate due to density difference, 

and hence the slurry process is not suitable for fabricating cathode films that requires high loading. 

Nevertheless, slurry process still has the edge over dry process to fabricate thin layers (less than 

50 µm) and can be used to cast high-capacity anodes (such as Si). When casting SSE separator 

layers, ionic conductivity and mechanical strength of their free-standing films should be 

considered. As there may be residual solvents after drying, and binders (which are less ionically 

conductive than SSEs) sitting in between SSE particles, the electrochemical performance, 

especially ionic conductivity, can be influenced significantly. It is also difficult to produce slurry-

processed SSE films, as it is mechanically weak and cannot be adapted to scalable pouch 

stacking process that requires films with basic mechanical strength to prevent rupture. Although 
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non-woven cloth supported separator with excellent mechanical strength had been proposed, 

cloth fibers usually deteriorate the surface uniformity and cause other issues such as short circuit. 

1.2.2.2 Dry Process 

Polytetrafluoroethylene (PTFE) is almost always used as the binder in dry process due to 

its low yield strength and malleability. When a uniform powder-PTFE mixture is subjected to a 

shear force, PTFE particles will deform and fibrillate (Figure 1.3a, b).58 The powder particles will 

be bound by PTFE nano fibers and form dry-processed films. Dry process is considered more 

environmentally, as it does not require extra energy to dry solvents. Nevertheless, scalable 

production techniques for dry process are not as mature as wet process and further development 

is mandatory.59-60 Dry process also has the advantages on fabricating thick cathode composite 

while maintaining uniform, and better preserve the ionic conductivity since one-dimensional PTFE 

fibers do not block interfaces between particles as much as two-dimensional binders in slurry-

processed films.56, 61 Nevertheless, it is difficult to fabricate dry-processed film thinner than 50 µm, 

as the precision of hot rollers will become demanding, and a much higher shear force will be 

applied to thinner films, resulting in severe particle cracks. As PTFE fibers are mechanically 

stronger and bind particles more effectively than binders used in slurry process, stronger free-

standing films can be obtained with lower PTFE ratio (typically less than 1%), making it suitable 

for layer stacking process. Nevertheless, PTFE is susceptible to reduction (Figure 1.3c) and extra 

low ratio (< 0.2%) is requisite when SSE separator layers are in contact with anodes. 
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Figure 1.3. When a uniform powder-PTFE mixture is (a) subjected to a shear force, (b) PTFE particles will 
deform and fibrillate. (c) PTFE is susceptible to reduction and form sp2 carbon and LiF. Conductive sp2 
carbon often result in excess SSE decomposition and current leakage. 

1.3 Pressure for Fabrication and Cycling 

Unlike conventional LIBs that utilize liquid electrolytes, SSEs in all ASSBs cannot flow and 

conform to the shape of electrode materials. As such, pressure is required both in fabrication and 

cycling of ASSBs.62 As large voids are omnipresent between particles in as-fabricated films, either 

slurry-processed or dry-processed, and inter-layer gaps need to be eliminated after layer stacking, 

a fabrication press must be applied. During cycling, electrode materials undergo volume change 

and interfaces between SSE and electrode material may partially lose contact over time. Hence, 

it is imperative to apply cycling pressure to maintain intimate interfacial contact. Intuitively, higher 
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fabrication and cycling pressures usually result in better interfacial contacts and thus higher 

electrochemical performance. However, optimum pressures exist in pressure sensitive electrode 

materials, such as Li metal anode.63-64 Due to the low creep strength of Li metal, excess fabrication 

pressure would cause Li to creep across the SSE separators and cause short circuit. Over 

pressurizing Li metal during cycling also results in electromechanical failure due to synergistic 

effect of creeping during Li plating, and under pressurizing leads to void formation during Li 

stripping. As a result, both fabrication and cycling pressure may post significant influence over 

critical current density of Li metal anode. 

Methods of cell pressurizing also affect the electrochemical performance of ASSBs. 

Uniaxial press is commonly used in both fabrication and cycling press in most lab scale ASSBs 

due to its simplicity. However, as the pressure is only applied from one direction, any slight defects 

on dies can easily deteriorate pressure uniformity and the pressure will also concentrate on the 

edges of layers. Multiple studies have shown that utilizing isostatic press for calendering can 

effectively improve pressure uniformity, as the pressure is applied through fluids and is uniform in 

all directions and all points.64-66 Although isostatic fabrication press vastly improve the 

performance of ASSBs (e.g. Lee et al. fabricated Ag-C anode all-solid-state pouch cells that 

operated for 1000 cycles), isostatic cycling press has yet to be discussed.65 Apart from the 

methods of pressurizing the ASSBs, designs of cell holders and modules should be addressed. 

An ideal cell holder will be light weight to increase the module energy density, and able to 

accommodate volume change of ASSBs during cycling while maintaining a constant cycling 

pressure to ensure the optimum operation condition of ASSBs. 

In this thesis, multiple challenges regarding scalable manufacturing of ASSBs will be 

discussed. It includes quality control of SSE separator films, guidelines for SSE selection for dry 
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room manufacturing process, and finally the possibility of large format ASSBs and the design of 

cell holders.  
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Chapter 2. Fabrication of High-Quality Thin Solid-State Electrolyte Films Assisted by 

Machine Learning 

2.1 Introduction 

Li-ion batteries (LIBs) are currently the predominant energy storage technology widely 

used in portable electronic devices, electric vehicles, and grid energy storage.1 Conventional LIBs 

employ liquid electrolytes containing flammable organic solvents, making them susceptible to 

leakage and potential flammability concerns.2-5 One of the solutions to circumvent this is to replace 

liquid electrolytes with inorganic solid-state electrolytes (SSEs) in order to produce all-solid-state 

batteries (ASSBs) with improved safety and wider operating temperature ranges.2, 6 As a result, 

significant efforts have been devoted to developing various SSEs, some of which have exhibited 

ionic conductivities reaching 10-2 S cm-1 at room temperature, close to those of liquid 

electrolytes.7-9 However, due to mechanical property limitations and under-developed 

manufacturing processes for inorganic SSEs, cells with pellet-type SSE layers thicker than 

200 µm are still predominantly employed in ASSB research.10 Unlike cathode and anode materials, 

electrolytes do not store energy and thus using thick SSE layer limits energy density.2, 11 To 

compete with conventional LIBs, it is therefore crucial to develop new fabrication processes that 

enable the manufacturing of cells using film-type SSE layers with reduced thicknesses, ideally 25 

– 50 µm, to reach high energy density, while still maintaining ideal mechanical properties.11 These 

fabrication techniques must also be compatible with existing manufacturing methods, such as 

conventional doctor-blade or roll-to-roll coating processes. 

The most common way to address these aforementioned issues is to include polymer 

binders in the SSE composite, as they provide an added flexibility to the fabricated SSE films to 

compensate for mechanical weakness of pellet-type SSEs. Indeed, mechanical failures of SSEs 

in ASSBs is detrimental to battery performance.2 This approach also enables a scalable doctor-

blade or roll-to-roll solution process.12 Film-type SSEs, combining sulfide inorganic SSEs with 
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polymer binders and fabricated with doctor-blade have been reported in the literature (Table 2.1) 

with ionic conductivities ranging between 10-5 to 10-3 S cm-1. This wide conductivity variation can 

be attributed in part to the usage of different polymer binders and SSEs. However, even when 

similar polymer binders and electrolytes were used, large variations in ionic conductivity can still 

be observed, indicating a high sensitivity to processing parameters (e.g., solvents, binder ratio, 

or liquid to solid ratio of the slurries) over the resulting ionic conductivity. Moreover, most reports 

limited evaluation of SSE films to mainly ionic conductivity, often ignoring the thickness uniformity 

of the produced film. Uniform and pinhole-free SSE layers are essential to electronically separate 

cathodes from anodes and to guide a uniform current and stress distribution, thus preventing 

short-circuit of ASSBs, which is one of the most important safety requirements for batteries. They 

are also crucial for maintaining consistent quality in mass production. Thus, a systematic study of 

the relationship between manufacturing conditions and the performance of SSE films is required. 
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Table 2.1. Summary of ionic conductivity and thickness of recently reported SSE films processed with 
different manufacturing conditions. 

Electrolyte Binder Solvent 
Binder 
content

Liquid : 
solid 
ratio

Ionic 
Conductivity 

(S cm-1)

Thickness 
(µm) 

Ref 

Li6PS5Cl Acrylate 
type 

Xylene : 
Isobutyl 
isobutyrate
(50 : 50) 

1 wt% - 1.3 x 10-3 30 13 

Li3PS4 SBS Anisole 3 wt% - 2 x 10-4 60 14 

Li7P3S11 SEBS Xylene 2.5 wt% 1 7 x 10-4 55 15 

Li3PS4 PEO Acetonitrile 5 wt% 4.6 8.4 x 10-6 10 16 

Li6PS5Cl PEO Acetonitrile 5 wt% - 2.0 x 10-4 65 17 

Li3PS4 NBR Xylene 3 wt% - 4.2 x 10-4 - 18 

Li3PS4 NBR THF 5.5 wt% - 1.0 x 10-4 70 19 

Li6PS5Cl NBR Xylene - - - 30 20 

Li6PS5Cl poly(tert-
butyl 
acrylate)-
b-poly(1,4-
butadiene) 

Isobutyl 
isobutyrate

2.5 wt% - 1.7 x 10-3 150 21 

Li6PS5Cl PBMA Xylene : 
Isobutyl 
isobutyrate
(0 : 100 - 
100 : 0) 

3% – 
10% 

0.6 – 
1.4 

1.5 x 10-4 

- 8.6 x 10-4 
40 This 

work

SBS, Polystyrene-block-polybutadiene-block-polystyrene; SEBS, polystyrene-block-poly(ethylene-ran-
butylene)-block-polystyrene); PEO, poly(ethylene oxide); NBR, nitrile butadiene rubber; PBMA, 
poly(butadiene methacrylate); THF, tetrahydrofuran; 

Unfortunately, analyzing the correlations between multiple manufacturing parameters and 

performance metrics is challenging and requires intensive trial and error with conventional 

experimental methods.22 Moreover, there may be non-linear trends resulting from the synergistic 

effects of different manufacturing parameters, making the multi-variable puzzle even more 

complicated. Mesoscale physical simulations of the actual manufacturing process can offer deep 
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insights on the mechanism of how manufacturing parameters impact the properties of SSE 

films,23-26 but they are considered computationally expensive for high throughput use with current 

hardware capabilities.27 Machine learning (ML), with its proficiency in analyzing complex datasets 

with a large number of variables,22, 28-32 provides a new pathway to limit time-consuming trial and 

error processes. Moreover, ML, in combination with statistical methods, allows fast interpretation 

of data. In fact, ML has already been utilized in the battery field, either in estimating the state of 

charge or cycle life of cells under operation,31, 33 as well as to assist in the manufacturing process 

of LIB electrodes.22, 27 However, the application of ML to manufacturing flexible SSE films remains 

unexplored, presenting an opportunity to apply such capabilities to improve performance and 

overall quality of SSE films used in ASSBs. 

This work seeks to predict the quality of SSE films by analyzing the multi-variable 

interdependencies between performance and manufacturing parameters. The methodology used 

in this work is schematically presented in Figure 2.1. Before casting, Li6PS5Cl (LPSCl) powder, a 

commonly used inorganic Li+ conductor, is wet-milled to homogenize its particle size and keeps 

it approximately one order of magnitude smaller than the target thickness of SSE films, preventing 

it from negatively affecting their uniformity. Of the multiple input parameters that need to be 

considered for performance evaluation, polymer content (P%), liquid to solid ratio (L:S), and 

cosolvent ratio (X:B) are chosen as the manufacturing parameters because they have a significant 

influence over the rheological properties of SSE slurries. After casting the SSE films, several 

output parameters: density (ρ), ohmic resistance (Ω), normalized conductivity (σi
N), deviation of 

thickness (DoT: the standard deviation of thickness measured over 9 different points on the SSE 

films), and relative thickness deviation (RD: the relative standard deviation of thickness, DoT / 

thickness) are obtained. The obtained experimental dataset, consisting of 110 slurry compositions, 

is used to perform a Principal Component Analysis (PCA) to determine the most representative 

observables for performance metrics and manufacturing conditions.34 Following PCA, the 
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manufacturing conditions are classified according to a K-Means clustering in order to define the 

quality of SSE film in terms of σi
N, DoT, and RD. Afterwards, hyperplanes are assigned using 

Support Vector Machine (SVM) for a graphical visualization of specific effects.35-36 This common 

thread aims to both present groups of manufacturing conditions with similar performances and 

find the effect of each manufacturing parameter on SSE films. Finally, an SSE film, with 

manufacturing conditions guided by the ML study, is applied to a NCM811 || LPSCl || LiIn cell to 

demonstrate the viability of this approach. 

 

Figure 2.1. A schematic presenting the methodology developed in this work. First, ball-milling is used to 
reduce the particle size of the LPSCl electrolyte. Then, 110 slurries consisting of different polymer contents, 
liquid to solid ratios, and cosolvent ratios are fabricated to obtain the dataset. This dataset is fed into the 
Machine Learning workflow to categorize samples with different properties, as shown in the 4th step. 

2.2 Methods and ML Algorithm Details 

2.2.1 Electrolyte Powder Preparation – Ball Mill 

The Li6PS5Cl (LPSCl) electrolyte powder was obtained from NEI and used without further 

modifications. Both dry ball-milling and wet ball-milling were used to reduce the particle size of 
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LPSCl. All the ball-milling experiments were conducted using an Emax high energy ball mill 

machine (Retsch), with 3 mm-diameter zirconia milling media and a zirconia jar, under Ar 

atmosphere. For dry ball-milling, no solvent was added to the LPSCl and the powder was milled 

at 400 rpm for 2 hours. For wet ball-milling, 3 g of LPSCl was mixed with 10 mL of xylene to avoid 

particle aggregation (frequently encountered in dry ball-milling). The mixtures were milled at 300, 

400 and 500 rpm for 1 and 2 hours, respectively. After milling, the slurry was vacuum-dried at 

80°C for 8 hours to obtain the milled LPSCl powder. 

2.2.2 Collection of the Experimental Dataset of SSE Films 

In this study, LPSCl (NEI), poly(butyl methacrylate) (PBMA. Mw 211000, Sigma-Aldrich), 

p-xylene (≥ 99%, Sigma-Aldrich) and isobutyl isobutyrate (≥ 98%, Sigma-Aldrich) were employed 

to fabricate SSE films. The full process was conducted in an Ar-filled glovebox with oxygen and 

moisture level below 0.1 ppm. Polymer contents (3%, 5%, 7% and 10%), liquid to solid ratios (µL 

solvent / mg LPSCl, 0.6, 0.8, 1.0, 1.2 and 1.4) and cosolvent ratios (in volumetric percentage of 

xylene, 0, 0.25, 0.5, 0.75, 1.0) were selected as manufacturing parameters. A total combination 

of 100 samples, plus 10 randomly selected samples, were fabricated. The SSE slurries were 

fabricated by mixing target amount of LPSCl, binder and solvents with an ARM 310 Thinky mixer 

for 5 min at 2000 rpm. The slurries were then cast on carbon-coated Al foil with a 300 μm doctor 

blade and dried in ambient pressure for 1 hour. Afterwards, the films were vacuum-dried at 80°C 

for 8 hours. SSE films were calendered by placing them in between the titanium plungers 

(described in previous works37-38) and applying a uniaxial pressure of 370 MPa. The thickness, 

deviations of thickness and relative deviation of the SSE films (without calendering) were obtained 

by measuring at 9 different points on each film using a micrometer. After calendering, both 

thickness, ionic conductivity (the procedure is described in EIS section) and weight were 

measured to obtain the Ohmic resistance, normalized conductivity and density values. The 

observables are defined as following: 
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 Thickness (μm) is obtained by averaging the 9 measured thickness values. 

 Deviation of thickness (μm) is the standard deviation of the same 9 measured 

values. 

 Relative deviation is obtained by dividing deviation of thickness by the thickness. 

 Resistance (Ω) is obtained by fitting the Nyquist plot obtained by EIS. 

 Normalized conductivity (S cm-1) is obtained with the formula: 

்௦௦ ሺሻ

ோ௦௦௧ ൈ ௦௨  ൈ ூ ௗ௨௧௩௧௬  ௦௧ ௌ
  (1) 

Density (mg / μm) is obtained by dividing the weight of the SSE film (mg) with the thickness 

after pressing (µm). 

2.2.3 Characterization 

X-ray diffraction (XRD) patterns of LPSCl were obtained by sealing the powders in boron-

rich glass capillaries in an Ar-filled glovebox. Measurements were taken using Cu Kα radiation 

over a 2θ range of 10° to 60°, with a step size of 0.01°, using a Bruker/Nonius Microstar 592 

diffractometer. SEM images of the SSE films were obtained with a FEI Scios DualBeam Focused 

ion beam. All samples were prepared in an Ar-filled glovebox and transferred with an air-tight 

loader to avoid any atmosphere exposure. 

2.2.4 Electronic Impedance Spectroscopy (EIS) and DC Polarization 

200 mg of LPSCl solid-state electrolyte powder was placed in a 13 mm PEEK pellet die 

and pressed at 370 MPa using titanium plungers to obtain a pellet with a thickness of about 1 mm 

(measured with a Vernier caliper). After assembly, the cell was tightened in a cell holder. The 

measurement of the SSE film was done by pressing the film inside at the same setup at 370 MPa 

and tightened in a cell holder. EIS measurements were performed from 1 MHz to 10 Hz, with an 

applied AC potential of 30 mV, using a Solartron 1260 Impedance Analyzer, at room temperature. 
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The results were fitted with the Z-View software. DC polarizations were obtained by applying a 

0.5 V bias potential for 300 s using the same experimental setup. 

2.2.5 Assembling NCM811 | LPSCl | LiIn Cells 

To avoid exposure to air, all procedures were conducted in an Ar-filled glove box. NCM811, 

LPSCl (NEI), vapor grown carbon fiber (>98%, Sigma-Aldrich) and polystyrene-block-

polyethylene-ran-butylene-block-polystyrene (SEBS, Sigma-Aldrich), with a weight ratio of 

66:33:3:5, were mixed with a mortar and a pestle to form a cathode slurry. The slurry was then 

cast on an Al foil with a 150 μm doctor blade. After drying for 30 min under ambient pressure, an 

SSE slurry from class 1 and class 2 were cast on top of the cathode electrode with a 400 μm 

doctor blade. The SSE-coated cathode electrode was dried for 30 min under ambient pressure 

and then vacuum-dried at 80°C for 8 h. LiIn anodes were fabricated by pressing Li and In foils 

together. Before assembling the cell, the SSE-coated cathode electrode was pressed at 370 MPa. 

Afterwards, LiIn anode was pressed onto the SSE-coated cathode electrode (with the In side 

facing the cathode) and the pressure was increased to 5 MPa. The cell was then cycled under a 

stack pressure of 5 MPa and a current density of 100 µA cm-1 between 1.875 to 3.625 V vs. LiIn 

using a setup already described in previous works.37-38 

2.2.6 Principal Component Analysis 

2.2.6.1 Principle and Definition 

Principal Component Analysis (PCA) represents a data compression technique for high 

dimensional dataset studies by features extraction. The idea lies on the projection of the dataset 

onto a low dimensional subspace built by components, where the latter results from a linear 

combination of p initial features. The components are orthogonal with each other and represent 

new axes of maximum variance with the purpose to keep as much initial information as possible. 

The resulting components are called principal components and give the possibility to reflect the 



 
 

28 
 
 

initial dataset in the space where the axes are such components. As an example, a 2D plot, 

formed by the two principal components, denotes the distribution of the data from the initial 

dataset. Therefore, the number of principal components (called k) is considerably smaller than p. 

As a consequence, taking into account that each raw data is defined with such p initial features 

in the vector space ℝp like xi = [x1, x2, x3, …, xp], the problem of the projection through the linear 

combination is to find k vectors namely z to build a p × k matrix Z for projection. Such problem is 

matrix-wise speaking written as Eq. 1: 

𝑥
்𝑧 ൌ 𝑐 ⇔ 𝑋 𝑍 ൌ 𝐶      ሺ𝑐, 𝑖, 𝐶ሻ ∈ ℝ ൈ ℕ ൈ ℝேൈ  (Eq. 1) 

where c represents the vector of new coordinates, and C is the matrix that contains all vectors c. 

In the following, xi refers to the original raw data. 

2.2.6.2 Maximization of Inertia 

To obtain the linear combination, it is necessary to search for principal factors that form Z 

under the constraint of maximum variance (i.e., inertia I). Indeed, the projection in a vector space 

reduces the variance of the data while the PCA tries to keep as much variance as possible. I can 

be defined as the distance between raw data from the centroids g of the distribution as follows: 

𝐼 ൌ 
1
𝑝

∗ 𝑑ଶሺ𝑥, 𝑔ሻ
ஸ

 

⇔ 𝐼 ൌ  𝜎,

ஸ

 

⇔  𝜎, ൌ ∑ ଵ


∗ ሺ𝑥, െ 𝑔ሻሺ𝑥, െ 𝑔ሻஸே     (Eq. 2) 

⇔ V ≔ ሾ𝜎ሿ 

d(., .) is the Euclidean distance in the vector space, V is initially defined as the variance-covariance 

matrix resulting from Eq. 2 and stores the pairwise covariances between initial features. 
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Such matrix admits a singular values decomposition (SVD) and can be deconvoluted by k 

eigenvalues associated to k eigenvectors.39 Indeed, the matrix V satisfies the relationship below: 

𝑉𝑧 ൌ 𝜆𝑧     𝜆 ∈ 𝑆𝑝𝑒𝑐ሺ𝑉ሻ    𝑖  𝑘     (Eq. 3) 

where Spec(V ) is the spectrum of V (i.e. the vector of eigenvalues). 

As a consequence, from Eq. 2 and Eq. 3, I can be summarized by the linear sum of the p 

eigenvalues,40 where the most of the information is equivalent to get the k highest eigenvalues 

associated to k eigenvectors. The latter are considered as the principal factors to take into account 

to form the Z matrix. 

Similar to Eq. 1, each value inside the C matrix is calculated from (zi, i≤k) and (xi, i≤N) 

through the scalar product: 

൏ 𝑥, 𝑧 ൌ 𝑋 𝑍 ൌ 𝐶 ⇔ ሾ𝑥ଵ, 𝑥ଶ, 𝑥ଷ, … , 𝑥ሿ் ∗ ሾ𝑧ଵ, 𝑧ଶ, … , 𝑧ሿ ൌ ሾ𝐶ଵ, 𝐶ଶ, … , 𝐶ሿ (Eq. 4) 

2.2.7 K-Means Clustering 

2.2.7.1 Purpose of the Clustering and Definition 

The study developed focuses on the characterization of the quality of SSE films, based on 

manufacturing parameters. Therefore, the idea is to differentiate high-quality films from low-quality 

ones. In combination with the PCA methodology detailed above, the application of a segmentation 

method on the new low dimensional subspace is to obtain groups (i.e., clusters) with similarities 

between data inside them. That aims to separate the electrolyte films with the same 

characteristics in terms of manufacturing parameters and films properties. Indeed, the distinction 

of clusters according to RD and σi
N are the key factors to gather good or bad electrolyte films. 

To be more precise, the algorithm is iterative, suggesting that the data within groups are 

optimized at each loop in order to characterize clusters by centroids μj with the best separation of 
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data. As a consequence, the search of best clusters is summarized by a simple optimization 

problem that minimizes the within-cluster sum of square written as J below: 

𝐽 ≔ ∑ ∑ 𝜔
ฮ𝑥 െ 𝜇ฮ

ଶ
     ሺ𝑁, 𝑘ሻ ∈ ℕଶ

ஸஸே    (Eq. 5) 

Where 𝜔
 is equal to 1 when the 𝑥 is in the jst cluster, else 0. k represents the number of clusters, 

and N is the number of training data points. 

The algorithm converges when the J is not moving upon a certain threshold. The algorithm 

is then assigned as follows: 

 Randomly initialize k centroids for the k clusters; 

 Put data in the nearest centroids µj to complete the clusters; 

 Afresh the centroids with the corresponding data; 

 Calculate the J metric; 

 Repeat step 2 from step 4 until convergence. 

2.2.7.2 Empirical Number of Clusters 

Data distribution within clusters can be unbalanced due to the feature projection in the low 

dimensional subspace. Figure 2.2d shows the SSE films far away from the rest of the distribution 

due to significant differences in terms of SSE films properties. In that sense, the number of 

clusters was empirically chosen based on such distribution. 

Indeed, the number of clusters k is basically a priori chosen. An inappropriate choice of k 

can result in very poor clustering performances and provide clusters with a very few numbers of 

data inside. According to the initial problem, the number of clusters was put at k = 3 to both, to 

obtain relevant clustering performances, and to compare clusters in terms of electrolyte properties. 
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Figure 2.2. The data analysis results coming from the implementation of the PCA and the K-Means 
algorithm which show the linear dependences between initial variables and the grouping of the samples in 
terms of performance respectively. a) Projection of the initial variables (symbolized by black arrows) onto 
the 2D plan formed by the first two principal components resulting from the PCA implementation, with the 
purpose to visualize and analyze the correlation between each pair of variables. For the PCA 
implementation, P% is not taken into account due to a short number of different modalities. It is considered 
as a qualitative variable and did not appear in the initial PCA features for better results. However, P% is 
used for the rest of the analysis. b) All samples are grouped into 3 clusters with the K-Means algorithm, 
here represented within the two first principal components. Those clusters are explicitly defined as classes 
in the rest of the study. Box charts for the comparison of distribution of c) normalized conductivity and d) 
relative thickness deviation for all 3 classes. Abbreviations: L:S, liquid-to-solid ratio; X:B, cosolvent ratio; ρ, 
density; Ω, ohmic resistance; σi

N, normalized conductivity; DoT, deviation of thickness; RD: relative 
thickness deviation. 

2.2.8 Support Vector Machine 

SVM algorithm is a powerful and widely used learning method to separate training points 

by implementing a decision boundary (i.e., hyperplane). Considering the space of the initial 

features, the decision boundary can clearly appear and it is straightforward to display the evolution 
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of the latter when features values are changing. Such methodology was found to be very useful 

for understanding the parameters interdependencies. 

2.2.8.1 Definition of Decision Boundary 

The definition of the boundary may depend on the type of the separation. For the study, a 

linear separation was chosen due to good predictions during the validation of the model. In that 

sense, the following details for the hyperplane will be based on a linear decision boundary. 

The SVM lies on the computation of a hyperplane of which the aim is to separate as much 

as possible the training data to avoid poor classification results. Considering training data xi with 

p features, the hyperplane (defined in a dimension p - 1) is expressed below: 

ሺ𝐻ሻ ≔ 𝜔0  𝜔𝑇𝑥𝑖 ൌ 0     𝑥 ∈ ℝ𝑝     (Eq. 6) 

where ω is a vector of weights, and ℝp the vector space of dimension p. 

Considering the training data points, the algorithm used to find the best ω while fitting the 

training points in the positive and negative side of (H). Indeed, the closest training points to the 

hyperplane are the most relevant to obtain the best hyperplane. 

2.2.8.2 Distance Calculation for Margin Optimization 

To get the hyperplane, the objective is to maximize the margin (i.e., the distance between 

the hyperplane and training data) that is able to decrease the classification error. Higher is the 

margin, better is the prediction. Regarding the sign of (H) for training points, the algorithm may 

predict a class rather than another. 

Therefore, the decision boundary lies on the definition of a distance metric to properly fit 

the hyperplane. In ℝp, the distance between points and hyperplane is computed as follows: 



 
 

33 
 
 

𝑑௫ ≔
หఠబାఠ௫ห

‖ఠ‖
       (Eq. 7) 

with ||.|| the Euclidean distance in ℝp. 

The objective of the SVM is under the constraints that the training data will be correctly 

predicted. In other words, the goal is summarized as maximizing the lower distance between the 

hyperplane and training points. It can be written as finding the best weights as: 

𝜔∗ ൌ 𝑎𝑟𝑔𝑚𝑎𝑥𝜔൫𝑚𝑖𝑛𝑥ሺ𝑑𝑥ሻ൯     (Eq. 8) 

As a consequence, during the training, the sign of 𝜔0  𝜔𝑇𝑥 concludes on which class the 

training data belongs to, and say if there is a misclassification for adjusting the weights of the 

SVM. Considering a binary case with Y the output variable defined as Y ∈ {-1, 1}, the validation 

of the model with the testing data points goes through the capability of the latter to not misclassify 

a new point in the “positive group” rather than the “negative group” (or the contrary). The negative 

and positive side of the hyperplane (Figure 2.3) is determinant to say is the model predicts 

correctly. It means that the value of the 𝜔0  𝜔𝑇𝑥 is not relevant, but it focuses more on the sign, 

which can be written more concisely as follows: 

𝑦𝑖ሺ𝜔0  𝜔𝑇𝑥𝑖ሻ ൜
 0     𝑖𝑓 𝑥𝑖 𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑙𝑦 𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑        
൏ 0     𝑖𝑓 𝑥𝑖 𝑛𝑜𝑡 𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑙𝑦 𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑  (Eq. 9) 
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Figure 2.3. Representation of the maximization of the margin in the feature space example of X1 and X2 
(two-feature example), to separate as much as possible the different classes from the hyperplane. An 
example of two classes is used with a “positive” and a “negative” group respectively colored in green and 
red. 

2.2.8.3 Multi-Classification SVM 

During the training of the algorithm, the hyperplane is fitted by separating the classes on 

both sides. However, it may be applied for more than two classes, exactly as it has been made 

for the study since three classes of electrolyte films have been found. Many techniques face the 

situation like the One-vs-One classifier.41 According to the latter, it trains 
𝑛ሺ𝑛െ1ሻ

2
 classifiers when it 

exists n classes on the dataset, meaning that each pair of classes are compared. In this study, 

two classifiers were used in the SVM model. 

2.3 Results and Discussion 

As broad particle size distributions of the SSE will adversely affect the uniformity of the 

SSE films, sizes need to be reduced to around one order of magnitude smaller than the target 

thickness of the films. This ensures consistency and allows for better film uniformity. As shown in 
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Figure 2.4a, the pristine LPSCl powder exhibits a non-uniform particle size distribution with 

particles larger than 20 µm. Hence, reducing the particle size of the pristine powder is necessary. 

After dry ball-milling, some of the particles remain larger than 15 µm, suggesting that the process 

is not effective enough (Figure 2.4b). To overcome this, inert solvents are employed in wet ball-

milling to prevent the aggregation of the particles and thus allow for reduced particle size. No 

particles larger than 10 µm are observed after wet ball-milling, as seen in Figure 2.4c-f. When 

increasing the milling speed to 400 and 500 rpm, the primary particle size can be further reduced, 

but simultaneously the ionic conductivity of the electrolyte powder decreases significantly. To 

avoid severe ionic conductivity loss, the milling speed is limited to 300 rpm, with an optimized 

milling time of 2 hours. Under these milling conditions, the particle size is also further reduced 

while still preserving the ionic conductivity of the powder. As a result, all the electrolyte powders 

used for this study are processed using these wet ball-milling conditions. 

 
 
Figure 2.4. SEM images of LPSCl powders. (a) Pristine powder. Powders that underwent (b) dry mill at 
400 rpm for 2 hours, wet mill at (c) 300 rpm for 1 hour, (d) 400 rpm for 1 hour, (e) 500 rpm for 1 hour and 
(f) 300 rpm for 2 hours. 

To evaluate the impact of ball-milling on the electrolyte’s crystal structure, X-ray diffraction 

(XRD) patterns of the LPSCl powder are collected before and after various ball-milling procedures 
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(Figure 2.5a). The positions of all Bragg peaks remain unchanged after ball-milling, indicating that 

the original LPSCl crystal structure is preserved. However, the samples can be distinguished by 

different extents of peak broadening (Figure 2.5b), indicating reduction in crystallinity after ball-

milling. The peak broadening with increased milling speed is in good agreement with the lower 

conductivity measured by electrochemical impedance spectroscopy (EIS) presented in Figure 

2.5c.  

 

Figure 2.5. The (a) XRD patterns and the (b) magnified view on (3 1 1) and (2 2 2) peaks and the (c) EIS 
of LPSCl at different ball-mill conditions. The fitted EIS data are presented as solid curves. 

To reaffirm the importance of controlling SSE particle size, SSE films are fabricated using 

pristine and ball-milled LPSCl powder, and their focused-ion-beam (FIB) cross-section images 

are presented in Figure 2.6. When pristine LPSCl powder is employed, the film exhibits particles 

larger than 20 µm and is susceptible to crack formation during calendering. This can increase the 

risk of short circuit when the SSE films are used in ASSBs. On the contrary, a more homogeneous 

film is obtained when employing ball-milled LPSCl, and no cracks are observed in the cross-

sectional image. Thus, the ball-milled electrolyte powder is used for the collection of the dataset 

necessary for the ML study. 

 



 
 

37 
 
 

 

Figure 2.6. The cross-section view of SSE films made of (a) pristine LPSCl powder and (b) LPSCl powder 
wet-milled at 300 rpm for 2 hours.  

 
To perform the doctor-blade process for LPSCl, solvents with good chemical compatibility 

with sulfide-based SSEs must be selected, namely, non-polar solvents with high dielectric 

constant are required.15 Moreover, suitable vapor pressures (at room temperature, xylene: 10 

mmHg; isobutyl isobutyrate: 5 mmHg) and boiling points (xylene: 138°C; isobutyl isobutyrate: 

147°C) are also essential for obtaining an optimum drying rate, which significantly influence the 

quality of SSE films. Thus, p-xylene and isobutyl isobutyrate are employed in conjunction for the 

LPSCl slurry preparation. To evaluate their chemical compatibility with the SSE, LPSCl powder is 

immersed into each of these solvents and no significant change is observed in both XRD patterns 

and ionic conductivities after drying (Figure 2.7), indicating that LPSCl does not degrade in either 

of these two solvents. 
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Figure 2.7. The (a) XRD and (b) EIS of LPSCl after exposing to xylene, isobutyl isobutyrate and their 
cosolvent. The fitted EIS data are presented as solid curves. 

After collecting this training dataset, ML algorithms are used to analyze the effect of the 

polymer content P%, the liquid-to-solid ratio L:S (volume of solvent / weight of LPSCl, in µL / mg), 

and the cosolvent ratio X:B (xylene to isobutyl isobutyrate ratio, represented by the volumetric 

percentage of xylene) on the quality of the SSE films. After casting, ρ, Ω, σi
N, DoT, and RD are 

measured. Since eight different variables are experimentally generated, a PCA34 is conducted to 

project manufacturing conditions in a reduced dimensional subspace for reflecting (i) 

interdependencies between variables and (ii) the spread of manufacturing conditions along new 

principal components. Indeed, such data compression is based on a search for directions of 

maximum variance to build a new subspace with fewer dimensions, in which the initial raw data 

are projected. The resulting principal components are a linear combination of initial variables that 

are orthogonal to each other. This PCA implementation aims at selecting a subset of principal 

components that can reflect the variance of the experimental dataset to define the relationship 

between manufacturing conditions and film quality. 

The correlations between the initial variables can be visualized by projecting them onto 

two-dimensional subspace and the result is presented in Figure 2.2a. As expected, the PCA 
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shows that σi
N is inversely correlated with resistance (Equation 1 in SI). However, it appears that 

while DoT and RD are strongly correlated together, they are not linearly correlated with σi
N. As a 

result, σi
N (corresponding to the ionic conductivity of the film) and RD (representing the film 

uniformity) are employed to evaluate performances of the SSE films. The independence between 

σi
N and RD highlights the shortcomings of evaluating SSE films solely based on ionic 

conductivities alone, as commonly done in the literature.13-21 Based on the PCA analysis, it is 

conceivable that highly conductive films might be perceived as of high quality, while they exhibit 

large RDs that result in poor cell performance during electrochemical testing. 

To visualize the interdependencies among manufacturing conditions and performance, 

thickness, DoT, and σi
N are plotted as a function of L:S and X:B for different P%. As P% increases, 

the overall thickness also increases, while σi
N decreases. This may be a result of higher slurry 

viscosities that limit the flow along the surface of the substrate. Higher P% also increases the 

tortuosity of Li+ diffusion, resulting in poorer bulk σi
N compared to bare LPSCl.12 The thickness 

increases drastically when high X:B, low L:S, and P% larger than 5% are used. With these 

manufacturing conditions, slurries become too viscous, causing the LPSCl powder to aggregate. 

While trends in ionic conductivity are relatively intuitive, the plots for DoT exhibit a complex 

nonlinear behavior. The region with low deviation shifts dramatically as the P% changes. To 

obtain a better overview, DoT values are averaged over the four P% and plotted in Figure 2.8. 

The region with low deviation is found to be distributed in a counterintuitive way. This implies that 

it is challenging to deconvolute the interdependencies among manufacturing conditions and 

performance using simple statistical methods. Hence, clustering analysis is employed in the next 

step. 
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Figure 2.8. The DoT vs L:S and X:B contour plot averaging through P% of 3%, 5%, 7% and 10%. 

Before explicitly looking at the effect of manufacturing conditions, it is useful to create 

groups with similar characteristics in terms of performance, namely, σi
N and RD from the PCA 

results. K-Means algorithm is directly applied on principal components and the results are 

presented in Figure 2.2.35 The purpose of the algorithm is to obtain clusters of manufacturing 

conditions represented by centroids in the low dimensional subspace with the same 

characteristics in terms of performances, without any prior information (patterns of manufacturing 

values) on the obtained labels. In order to separate the data, K-Means algorithm finds patterns 

where manufacturing conditions inside clusters are similar. The algorithm finds in total 3 different 

clusters. For the rest of the study, a cluster of manufacturing conditions is called a class in order 

to characterize properly a type of SSE films. The apparent interception of the boundaries from 

class 1 and class 2 is due to the projection onto a 2D space, whereas the clustering algorithm is 

applied to more than two principal components. These classes are well separated from each other 

by other dimensions before projecting on the 2D space. The statistics of σi
N and RD in all classes 

are presented in Figure 2.2c and d, where a non-parametric Kruskal-Wallis test is applied to 

statistically compare the distributions of σi
N and RD between classes.42 This test is relevant to 
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compare more than two samples and assume that residuals of the tests are not following a normal 

distribution, and conclude on possible significant differences between medians of distributions. In 

that sense, it will validate the K-Means clustering in order to discriminate SSE films based on their 

properties. For the test itself, the p-value, generally written as “p”, represents the probability to 

reject the hypothesis of the differences in distributions. As a consequence, the test presents 

significant differences (p ≤ 0.05) of distribution among the classes in this study.42 It appears that 

both class 1 and class 2 exhibit a high ionic conductivity σi
N compared to class 3. Class 1 can be 

further separated from class 2 as it exhibits the lowest RD (i.e., higher film uniformity). To conclude, 

class 1 exhibits good σi
N and low RD; class 2 maintains the good σi

N from class 1 while exhibiting 

an increased RD; class 3 shows the worst performance both in terms of σi
N and RD. As a 

consequence, the classification of the overall performance of SSE films can be defined by 

common characteristics of observables within each class. 

It is also worth looking at the manufacturing condition’s relationships with different classes. 

As the polymer is insulative compared to LPSCl, the ionic conductivity decreases as the P% 

increases. As expected, the average P% in class 3 is higher than that of class 1 and 2. 

Nevertheless, no statistical effect is found for P% on RD. When looking at L:S, one may conclude 

that employing higher L:S facilitates higher σi
N according to the PCA result. Indeed, the classes 

with higher conductivity contain higher ranges of L:S. However, to minimize the RD, the ratio must 

be kept in an intermediate range, namely, 0.92 ± 0.23, which is the average value within class 1. 

Class 3 appears to have the highest X:B, implying a possible adverse effect of X:B over 

performance. However, an Anova calculation (with a logarithmic correction on the dependent 

variable)43 indicates that X:B and L:S have synergistic effects on RD. Although qualitative 

conclusions can be drawn after conducting K-Means algorithm, the link between manufacturing 

conditions and performance remains obscure due to the synergistic effect among different 
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variables. Thus, numeric relationships between manufacturing conditions and performance need 

to be deciphered before the ML model can gain the ability to predict the results. 

While the manufacturing conditions – performance relationship appears clearer after K-

Means clustering, it needs to be further deconvoluted through SVM.36 Such powerful and widely 

used classification learning technique optimizes the separation of classes from each other by 

constructing a linear hyperplane in the low dimensional subspace defined above, to maximize the 

margin between different classes. Therefore, the margin is defined as the distance between the 

separating hyperplane (also called decision boundary) and training raw data. Larger is the margin, 

better is the classification prediction. Consequently, the separation of classes and the decision 

boundaries are interesting as a visualization tool of the results. Indeed, it is possible to fix one 

manufacturing parameter and display the classification results as well as the decision boundary 

in a 2D plot formed by ranges of the two other parameters. In that sense, it is possible to analyze 

the evolution of the boundary when manufacturing conditions change, which reflects their impact 

on the performance.22 

This process allows the prediction of film performance associated with a specific set of 

manufacturing conditions. To train the SVM model, 80% of the total number of raw data are 

randomly selected as the training dataset, and the remaining data are used as the testing dataset 

to validate the model. To overcome the unbalanced class distribution, a resampling method is 

applied on the training dataset to fix the class imbalance (Figure 2.9) by adjusting class distribution 

over the minority classes (i.e. class 2 and 3).44 Such random oversampling approach allows the 

SVM algorithm to learn data distribution in equal proportions of samples per class, whereas 

unbalanced numbers of samples would cause SVM to yield inaccurate results by prioritizing the 

class with the largest number of samples. In another word, the metric used to validate the model 

considers the weighted training of the SVM algorithm by providing a better value, when predicting 

manufacturing conditions as a minor class. 
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Figure 2.9. The number of samples in each class. Oversampling is required before applying the SVM 
algorithm due to unbalanced numbers of samples. 

The best linear hyperplane is assigned by SVM to divide the space of manufacturing 

conditions into three regions. The results based on σi
N and RD are presented in Figure 2.10. 

When accounting only for σi
N as the performance metric, most of the manufacturing conditions 

are considered to result in good film quality. However, when considering the RD as well, a large 

portion of manufacturing conditions, with mid-to-high L:S are no longer qualified so. Therefore, 

the three regions, from low L:S to high L:S, can be related to class 3, class 1, and class 2, 

respectively. Besides the data points obtained through experiment, SVM is also able to predict 

using new manufacturing conditions, interpolating the results with P% of 4%, 6%, 8%, and 9%. 

When projected on the L:S – X:B plane, the hyperplane appears to be sloped and will shift as P% 

changes, showing the counterintuitive trend caused by the high interdependency of each 

manufacturing parameter. When comparing the trends found in Figure 2.10 with the 

interpretations of K-Means clustering and the statistical tests, they match in terms of the effects 
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of manufacturing parameters, indicating that the ML classifier is suitable for analyzing 

interdependencies between manufacturing parameters and quality of SSE films. 

 

Figure 2.10. SVM classification in terms of the ionic conductivity σi
N and the relative thickness deviation 

RD of SSE films as a function of L:S and X:B ratios. The manufacturing conditions with P% of 3%, 5%, 7% 
and 10% are obtained through experiment, while 4%, 6%, 8% and 9% are interpolated using the ML model. 

The model is validated with the testing dataset through the F1-score metric45 that reaches 

a value of 94%. Such a metric is relevant for multi-label classification learning since it helps to 

balance the metric across the sensitivity and the specificity of the model. The F1-score is an 

average definition of precision and recall, and an example of a binary classification task is shown 

below: 

𝐹1 ൌ 2 ൈ
௦ൈ

௦ା
      (1) 
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𝑝𝑟𝑒𝑐𝑖𝑠𝑖𝑜𝑛 ൌ
ோ

ோାி
       (2) 

𝑟𝑒𝑐𝑎𝑙𝑙 ൌ
ோ

ோାிே
       (3) 

where RP, FP and FN are respectively the true predicted values, the mis-predicted false values, 

and the mis-predicted true values. The true/false prediction is defined as a manufacturing 

condition correctly/wrongly classified by the algorithm over the positive/negative value of the 

output. In the case of the multi-label classification developed in this study, the F1-score is 

averaged over the values between each pairs of labels for the output of the classification task. 

Due to the definition of three classes of film quality, it is possible to distinguish good and bad SSE 

films with respect to each performance variable. 

To probe the connection between performance and morphologies of the SSE films, one 

sample is selected from each class and their morphology observed using digital and scanning 

electron microscopy (SEM) images, as presented on Figure 2.11. From the digital images, class 

1 appears to be the most uniform and exhibits a clear-cut boundary with its substrate. Compared 

to class 1, class 2 exhibits inferior uniformity with a fading boundary to the substrate, likely due to 

the higher L:S in its manufacturing conditions. Severe aggregations can be observed in class 3 

where the solvents fail to properly disperse the LPSCl powder due to insufficient L:S. When 

looking at the SEM top-down view images (Figure 2.11d-f), both class 1 and class 2 show uniform 

surface morphology, with class 1 appearing to be slightly superior. On the other hand, aggregated 

particles and cracks can be observed on the surface of the class 3 sample. FIB cross sections 

(Figure 2.11g-i) are collected to probe the interior morphology of the films. The particle 

distributions of class 1 and class 3 are similar, with class 3 being more porous. Class 2 exhibits 

smaller overall particle size, especially on the top part of the image, likely due to phase separation 

between the smaller and larger particles resulting from excessive L:S. 
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Figure 2.11. Images of representative SSE films from each class. a-c) Digital images, d-f) SEM top view 
and g-i) FIB cross-section views of the SSE films from a,d,g) class 1, b,e,h) class 2 and c,f,i) class 3. 

To verify this assumption, another cross section is taken from the bottom side (Figure 2.12) 

and it appears that the average particle size is comparable to that of class 1 and 3. Nevertheless, 

the overall porosity of class 2 is lower than that of class 1, probably due to the close packing of 

LPSCl particles facilitated by higher L:S, explaining slightly higher σi
N in class 2 than class 1. Even 

though class 2 exhibits dense cross-section morphology, its tendency to phase separate is not 

desirable for maintaining consistent quality in mass production. To prove its superior quality over 

the other 2 classes, a uniform free-standing SSE film from class 1 is fabricated and tested in 

Figure 2.13. 
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Figure 2.12. The cross-sectional SEM images of an SSE film from class 2. (a) The cross-sectional SEM 
image of the entire film. The FIB cross-sectional SEM images of (b) top and (c) bottom portion of the SSE 
film. 

 

Figure 2.13. To demonstrate the robustness of SSE films selected from class 1, a free-standing SSE film 
was cast on a PET film and vacuum dried. After calendering, the SSE film can be peeled from the PET film 
without any damage. 

Before the application of SSE films to batteries, it is important to evaluate their electronic 

conductivity. An SSE with sufficient electronic insulation, preferably below the order of 10-9 S cm-

1, will prevent charge leakage or even short circuiting of the cells.46-47 DC polarization and EIS 

results of the LPSCl powder and film are presented in Figure 2.14. While the pristine LPSCl 

powder exhibits an ionic conductivity of 2.1 x 10-3 S cm-1 and an electronic conductivity of 

5.1 x 10-9 S cm-1, the optimized LPSCl film has an ionic conductivity of 8.6 x 10-4 S cm-1 and an 
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electronic conductivity of 1.1 x 10-9 S cm-1. For both samples, the electronic conductivities are six 

orders smaller than their ionic conductivity. It is worth noting that although the LPSCl film exhibits 

a lower ionic conductivity than its powder form, the ability to be fabricated with reduced 

thicknesses leads to a lower total impedance as can be seen on Figure 2.14b. The fabrication of 

SSE films is therefore not only beneficial to energy density of the battery, but also reduces ohmic 

losses during cycling. 

 

Figure 2.14. (a) DC polarization curves of the LPSCl film and pellet samples. Normalized current is obtained 
by multiplying the response currents with the thickness of SSE layers. (b) Nyquist plots of the LPSCl film 
and pellet samples. The fitted EIS data are presented as solid curves. 

SSE films from class 1 and 2 are used to prepare NCM811 || LPSCl || LiIn cells. A FIB 

cross-section image showing the SSE and the cathode layers after calendering is presented in 

Figure 2.15a. The whole cross-section is observed to be uniform and dense. The cathode 

composite – SSE layer contact is also observed to be compliant, with no delamination, voids, or 

cracks observed. Their voltage profiles are presented in Figure 2.15b. When the class 1 film is 

employed, the cell cycles as expected, while a short-circuit is observed during the first charge 

with the class 2 film. Non-uniform thickness of SSE films can cause uneven stress distribution 

during calendering and impact negatively on the integrity of the cell structure, leading to short 

circuit during the first charge. This illustrates the importance of considering both the uniformity 

and ionic conductivity of the SSE films for performance evaluation. Figure 2.15c shows the 
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capacity retention and Coulombic efficiency (CE) of the NCM811 || LPSCl || LiIn cell made with 

the class 1 film. A 1st cycle CE of 74.1% along with a 1st discharge capacity of 149 mAh g-1 is 

obtained. The initial capacity loss in the first 10 cycles can be attributed to kinetic effects of contact 

losses and initial impedance growth at the cathode, which is commonly observed in the interfaces 

between sulfide SSEs and layered-oxide cathodes.48-49 Variation in CE can be observed, and 

these may be attributed to the ionic conductivity change of SSE resulting from the slight fluctuation 

of room temperature. A capacity of 94 mAh g-1 is retained after 100 cycles. 

 

Figure 2.15. SEM cross section image, first cycle voltage profiles capacity retention and Coulombic 
efficiency of NCM811 || LPSCl || LiIn cells with a cathode loading of 4.75 mg cm-2. a) SEM cross section 
image indicating that an intimate contact is formed between the electrolyte and the cathode composite. The 
measured thickness of the SSE film is 40 µm. b) First cycle voltage profiles of NCM811 || LPSCl || LiIn cells 
prepared using SSE films from class 1 and class 2. Due to lower uniformity, the cell using the class 2 film 
shorts during the first cycle. c) Capacity retention and Coulombic efficiency of the class 1 cell. 

Another NCM811 || LPSCl || graphite cell with an areal capacity of 10 mg cm-2 was 

fabricated and its voltage profiles and EIS are presented in Figure 2.16. The cell has a 1st 

discharge capacity of 1.61 mAh cm-2 and a 1st CE of 76.2%. This demonstrates the possibility of 

utilizing the ML approach in practical applications. Nevertheless, similar to the NCM811 || LPSCl 

|| LiIn cell, NCM811 || LPSCl || graphite cell also suffers from contact losses at the cathode and 

its EIS increases from 142 Ω to 178 Ω after the 1st cycle. Future works will be focused on 

optimizing the cycling pressure of film-type ASSBs to mitigate the capacity loss caused by volume 

change of layered-oxide cathode materials,48-50 and to increase the energy density by enabling 

Li-metal anodes.37-38,51-52  
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Figure 2.16. The (a) voltage profiles from the 1st to 5th cycle of a graphite || SSE || NCM811 film cell. The 
inset shows the SSE layer casted over the anode composite layer. (b) EIS of the same cell before cycling, 
and after the first cycle. 

2.4 Conclusion 

In summary, this study demonstrates how ML algorithms can be used to predict the 

performance of the sulfide-based SSE films by deconvoluting the interdependencies between the 

manufacturing parameters and performance metrics. After collection of the experimental dataset, 

three algorithms (PCA, K-Means algorithm and SVM) in combination with statistical tests are 

employed to analyze the data. PCA determines the most significant observables for performance 

evaluation and allows to represent the manufacturing conditions in a low dimensional subspace. 

A clustering method, the K-Means algorithm, is then applied in this subspace to properly define 

classes of films quality based on the similarity of performance within groups. These 3 classes are 

defined as class 1 (high σi
N and low RD), class 2 (high σi

N and high RD) and class 3 (low σi
N and 

high RD). Finally, the SVM model reveals the trends of the effect of the manufacturing parameters 

on the quality of SSE films according to classes, and supports the results found in the K-Means 

clustering and statistical analysis. Finally, guided by ML, a NCM811 || LPSCl || LiIn cell, utilizing 

an SSE film with a thickness of 40 µm from class 1, is shown to be able to cycle successfully for 

100 cycles. Our results highlight the necessity to account for both uniformity and ionic conductivity 

when fabricating SSE films and demonstrate how ML can be a powerful tool to guide experiments 
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towards the optimal fabrication parameters. The methodology provided in this study may benefit 

the development of future scalable manufacturing process for flexible and uniform SSE films for 

ASSB applications. 

Chapter 2, in full, is a reprint of the material “Fabrication of High-Quality Thin Solid-State 

Electrolyte Films Assisted by Machine Learning.” as it appears in ACS Energy Letters. Chen, Y.-

T.; Duquesnoy, M.; Tan, D. H. S.; Doux, J.-M.; Yang, H.; Deysher, G.; Ridley, P.; Franco, A. A.; 

Meng, Y. S.; Chen, Z. 2021, 6, 1639−1648. The dissertation author was the first author of this 

paper, all authors contributed to this work. 
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Chapter 3. Investigating Dry Room Compatibility of Sulfide Solid-State Electrolytes for 

Scalable Manufacturing 

3.1 Introduction 

All-solid-state batteries (ASSBs) are viewed as promising candidates for next-generation 

energy storage media.1 Unlike conventional Li-ion batteries, ASSBs utilize non-flammable solid-

state electrolytes (SSEs), which results in improved safety during operation.2-5 Among SSEs, 

oxide-based and sulfide-based materials are the two types that draw the most attention.6 

Furthermore, sulfide electrolytes generally exhibit higher ionic conductivity, some of which are 

comparable to those of liquid electrolytes.6-9 This property has been one of the main focuses in 

the literature, as high conductivity is necessary for enabling high power density batteries. Another 

advantage of sulfide SSEs is their lower Young’s modulus, as softer electrolytes are subject to 

less stress formation and contact loss resulting from volume change during cell operation.6 

However, sulfide SSEs generally exhibit lower chemical stability than oxides, and their ionic 

conductivities decrease rapidly when exposed to ambient atmosphere.6 As such, they are 

generally handled inside inert-gas-filled gloveboxes. Unfortunately, the essential processes of 

scalable manufacturing of state-of-the-art Li-ion batteries are conducted in dry rooms rather than 

gloveboxes, mainly for cost and space considerations. Unlike in Ar-filled gloveboxes, O2, CO2, 

and moisture are all present in a dry room atmosphere and are expected to react with sulfides. 

Therefore, it is important to understand the influence of air exposure of sulfide SSEs and provide 

solutions to mitigate any negative effects. 

Several studies have proposed methods to increase the air stability of sulfide SSEs. For 

example, Li2S-P2S5 can be partially substituted with P2O5 where the inclusion of oxygen 

significantly enhanced the air stability of the material.10-12 Another approach is to apply hard and 

soft acid and base theory by replacing a hard acid, like P, with soft acids, such as Sn and Sb, to 

form stronger bonds with S, a soft base.13, 14 Several Sn- or Sb-based sulfide electrolytes, such 



 
 

58 
 
 

as Li4SnS4 and Li3SbS4, have been developed and exhibit superior air stability compared to other 

sulfide-based electrolytes. However, these approaches result in reduced ionic conductivity. To 

mitigate this issue, a solid solution system consisting of Li4SnS4 and Li3SbS4 was also studied 

and achieved an improved ionic conductivity of one order of magnitude compared to its individual 

components.14 Another approach consists of incorporating a thin 50 nm oxygen substitution layer, 

which was applied to the surface of Li6PS5Cl (LPSCl) to form a core-shell structure, showing both 

improved air stability and better preservation of the ionic conductivity.11 

Despite the efforts invested in improving the air stability of sulfide electrolytes, most 

studies only assess the stability by measuring the ionic conductivity and H2S evolution. As such, 

these studies usually fail to investigate the degradation mechanism of sulfide SSEs during air 

exposure. Secondly, the effects on post-heat treatment SSEs are also not investigated. On the 

contrary, these types of fundamental insights on electrolyte stability were recently provided in a 

halide SSE study, where multiple characterization techniques were employed to compare the 

structural and compositional changes after ambient air exposure, and reported that heat treating 

the exposed electrolytes at 260 °C under vacuum could recover their pristine ionic conductivity.15 

In this work, the humidity of the dry room atmosphere was controlled to approximately 100 ppm, 

which is significantly lower than that of ambient air and is commonly used in today’s lithium-ion 

battery fabrication.16 Interestingly, we observed exhibiting no significant loss of electrochemical 

performance. This may be the key to prolonging the exposure time for sulfide SSEs without 

significantly impairing their ionic conductivities, and hence, provide a pathway toward the scalable 

production of ASSBs. 

This work seeks to study the degradation mechanism of LPSCl during exposure to air and 

investigate the chemical reactions occurring during the recovery process. Figure 3.1 presents a 

schematic of the exposure and recovery processes. LPSCl was first exposed to air for 24 hours 

(denoted as “air-Exp”), and then heat treated at 550°C (denoted as “air-HT”), as it is the annealing 
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temperature for LPSCl, to investigate the effect of heat treatment on ionic conductivity.17-23 To 

study a more extreme case, LPSCl was dissolved in water and then vacuum dried at room 

temperature (denoted as “water-Exp”), followed by a heat treatment at 550°C (denoted as “water-

HT”). The chemical composition of the four samples were then analyzed with multiple 

characterization techniques such as X-ray powder diffraction (XRD), solid-state nuclear magnetic 

resonance (ss-NMR) spectroscopy, and both Raman and Fourier-transform infrared spectroscopy 

(FTIR) spectroscopy.24 After the heat treatment, the conductivity of both air-Exp and water-Exp 

samples can be recovered by approximately 3 orders of magnitude. To further understand the 

chemical reactions during heat treatment, thermal gravimetric analysis (TGA) and differential 

scanning calorimetry (DSC) were employed, and additional samples were heat-treated at lower 

temperatures based on the results from thermal characterization. We found that hydrolysis 

(resulting in H2S evolution, and thus sulfur loss) and hydration reaction both occur from moisture 

exposure. Finally, LPSCl samples were exposed in a dry room environment and exhibited a 

relatively minor ionic conductivity drop. The electrochemical performance of the dry room exposed 

electrolyte in a LiNi0.8Co0.1Mn0.1O2 (NCM811) half-cell was also maintained, implying that LPSCl 

is indeed compatible with dry room environments. 
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Figure 3.1. Schematic of the chemical reactions that occur when Li6PS5Cl is exposed to ambient air and 
during the subsequent heat treatment process. 

3.2 Methods 

3.2.1 Exposure and Heat Treatment of LPSCl 

To prepare the air-exposed LPSCl sample (air-Exp), 300 mg of LPSCl (NEI) was evenly 

distributed in a 125 mL wide-mouth glass jar in an Ar-filled glovebox and then transferred to the 

antechamber with a total volume of 250 L. The chamber door was opened to expose the 

antechamber to ambient air (relative humidity between 45 to 55%) and closed after 1 minute of 

exposure. After 24 hours of exposure, the antechamber was vacuumed and purged with Ar, and 

the air-Exp sample was collected. The water-exposed LPSCl sample (water-Exp) was prepared 

by completely dissolving 1 g of LPSCl in 5 mL of water. The LPSCl aqueous solution was then 

vacuum dried at room temperature and the water-Exp sample was collected. 4 batches of 5 g 
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LPSCl were evenly sprayed on petri dishes and placed in a dry room with a dew point of −45°C 

for 1, 2, 3 and 24 hours to obtain the dry room exposed samples. The exposed LPSCl samples 

were heat treated at designated temperatures under vacuum. In summary, 300 mg of LPSCl was 

placed inside a quartz tube with one end located in a muffle furnace. The other end was connected 

to a vacuum pump to remove all gases generated during the heat treatment process. 

3.2.2. Electrochemical Impedance Spectroscopy (EIS), DC Polarization, Cyclic 

Voltammetry (CV) and NCM811 Half Cells 

To avoid any air exposure, all the electrochemical tests were conducted in an Ar-filled 

glovebox. 70 mg of LPSCl sample was placed in a 10 mm PEEK die (Figure 3.2) and pressed at 

370 MPa using titanium plungers to obtain a pellet with a thickness of about 0.55 mm (measured 

with a Vernier caliper). Vapor-grown carbon fibers (VGCF) were then added to both sides of the 

pellet and the cell was pressed again at 370 Mpa. After assembly, the cell was tightened in a cell 

holder. EIS measurements were performed from 1 MHz to 1 Hz, with an applied AC potential of 

30 mV, using a Solartron 1260 Impedance Analyzer, at room temperature. The acquired Nyquist 

plots were analyzed with Z-View software. DC polarizations were obtained by applying a 1 V bias 

potential for 300 s using the Solartron SI 1287 Potentiostat. 
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Figure 3.2. The design of an EIS cell used in this work. 

To obtain the electrochemical windows for pristine, air-HT, and water-HT LPSCl samples, 

the powders were mixed with acetylene carbon at a weight ratio of 7:3 (LPSCl:C) using a Retsch 

Emax ball mill. LiIn alloy was prepared by mixing 30 mg of Li and 990 mg of In powder in a 20 mL 

sealed glass vial with a vortex mixer. LiIn alloy was used as both counter and reference electrode. 

Cyclic voltammetry was conducted using LPSCl-C | LPSCl | LiIn cells at a scan rate of 0.1 mV S-

1 within 0 – 4.3 V voltage range vs Li. Three cycles were collected for each sample. 

The LiNi0.8Co0.1Mn0.1O2 (NCM811, LG Chem) all-solid-state half-cell was constructed 

using 15 mg of NCM811 cathode composite, 70 mg of LPSCl samples, and 30 mg of LiIn alloy 

anode. NCM811 cathode composite was prepared by mixing NCM811, LPSCl samples, and 

vapor grown carbon fibers (Sigma-Aldrich) in a weight ratio of 66:31:3 in a mortar and pestle. The 



 
 

63 
 
 

electrolyte and electrolyte powders were pressed at 370 MPa in the experimental setup described 

above and cycled using Neware Battery cyclers (A211-BTS-1U-ZWJ). Pristine LPSCl was used 

in the reference cell. Another cell was fabricated using dry room exposed (24 hours) LPSCl 

(including solid-state electrolyte separator layer and the cathode composite) to evaluate its 

electrochemical performance. All cells were cycled at C/10 in the 1st cycle and C/3 in the following 

cycles at 30°C (1 C = 200 mAh g-1).25 

3.2.3. Characterization 

X-ray diffraction (XRD) patterns of LPSCl samples were obtained by sealing the powders 

in 0.7 mm boron-rich glass capillaries in an Ar-filled glovebox. Measurements were taken using 

Cu Kα radiation (1.5406 Å) over a 2θ range of 10° to 65°, with a step size of 0.01°, using a 

Bruker/Nonius Microstar 592 diffractometer. Rietveld refinement was done using GSAS II 

software. Phase ratios and unit cells of Li6PS5Cl (ICSD 259200), Li2S (ICSD 657596), LiCl (ICSD 

26909) and Li3PO4 (ICSD 257440) were refined. Fourier transform infrared (FTIR) spectra with 

an attenuated total reflection (ATR) setup were measured with a Nicolet 6700 Fourier transform 

infrared spectrometer. Raman spectra were acquired with a Renishaw inVia upright microscope 

using 532 nm source. X-ray photoelectron spectroscopy was collected using The AXIS Supra 

XPS by Kratos Analytical. S 2p and P 2p spectra were collected and analyzed with CasaXPS 

software. A spin-orbit coupling energy of 1.18 eV was used in S 2p fitting and 0.86 eV was used 

in P 2p fitting. The peak area ratio of 2p 1/2 and 2p 3/2 was fixed to 1:2. A NETZSCH STA 449 

F3 Jupiter Simultaneous Thermal Analyzer with Coupled QMS 403 D Aëolos Mass Spectrometer 

were used to obtain TGA/DSC-MS data (monitoring 18, 34 and 44 molecular weight – 

corresponding to H2O, H2S and CO2). 15-20 mg of LPSCl samples were placed in an Al2O3 pans 

(6.8 mm in diameter / 85 µL). The samples were prepared within 2 mins to minimize the air 

exposure. All measurements were conducted in Ar atmosphere, scanning from 30°C to 600°C at 

a scan rate of 10°C min-1. 
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Solid-state 31P and 7Li magic angle spinning (MAS) NMR experiments were conducted on 

a 400 MHz Bruker Neo spectrometer operating at 161.97 and 155.5 MHz for 31P and 7Li, 

respectively. All samples were handled within an Ar glovebox and subsequently loaded into 4mm 

pencil-type ZrO2 rotors with o-ring caps to prevent contamination with ambient air and moisture 

during the NMR experiments. The samples were spun at 10 kHz and the 31P experiments were 

collected using a 2.68 μs π/2 pulse (RF field strength ~93 kHz), a recycle delay of 15 s for pristine 

and dry room LPSCl and 600 s for exposed and heat-treated samples, and with high power proton 

decoupling using spinal64. {1H}-31P cross polarization measurement were collected while spinning 

at 5 and 1.5 kHz, using a 1H π/2 pulse of 2.25 μs (RF field strength ~111 kHz) and contact times 

of 1 ms or variable contact times from 0.25 ms to 5 ms for generating the CP build-up curves. 

Hydroxyapatite was used as a standard for setting up the {1H}-31P cross polarization 

measurements. 31P spin lattice relaxation was measured with a saturation recovery experiment. 

2D 1H-31P HETCOR was acquired while spinning at 5 kHz, using a short contact time (50 µs) and 

with a 60 s recycle delay. 2D acquisition was acquired using 128 hypercomplex points in t1 with a 

34 µs increment. The indirect 1H dimension was referenced to tetramethylsilane (TMS) by setting 

the hydroxyl resonance of hydroxylapatite to δH = 0.2 ppm.26 The 31P chemical shift was externally 

referenced with respect to 85% H3PO4 by using the isotropic chemical shift of hydroxylapatite 

(δiso= 2.65 ppm). 7Li spectra were collected while spinning at 10 kHz using a hard pulse (10° tip 

angle of 0.36 µs, RF field strength ~ 77 kHz) to obtain semi-quantitative spectra and with a recycle 

delay of 2 s. 7Li spin lattice relaxation was measured using an inversion recovery pulse sequence 

with a π/2 and π pulse length of 2.68 and 5.36 µs, respectively. The 7Li chemical shifts were 

externally referenced to the isotropic chemical shift of 1M LiCl (aq) (δiso=0 ppm). Deconvolution 

of the 31P spectra was carried out using the software dmfit.27 
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3.3 Results and Discussion 

To evaluate the influence of air and moisture exposure over the ionic conductivity of LPSCl, 

electrochemical impedance spectroscopy (EIS) was conducted. The results are summarized in 

Figure 3.3a and the EIS results are presented in Figure 3.4 and Table 3.1.  

 

Figure 3.3. a) Ionic conductivity of the pristine, air, and water exposed LPSCl samples before and after 
heat treatment. All exposure and heat treatment conditions were conducted with three samples and median 
values are reported. Rietveld refinement results of the XRD patterns of b) the air exposed and heat-treated 
sample (air-HT) and c) the water exposed and heat-treated sample (water-HT). The molar phase ratios of 
all phases are labeled on top of the diffraction patterns. 

 

 
Figure 3.4. The Nyquist plots of a) pristine, air-Exp, air-HT, b) water-Exp and water-HT LPSCl samples.  
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Table 3.1. The EIS fitting results of pristine, air-EXP, air-HT, water-Exp and water-HT LPSCl samples. 

Sample R1 + R2 CPE1-T CPE1-P CPE2-T CPE2-P 

Pristine 2.86 x 101   6.85 x 10-8 9.16 x 10-1 

air-Exp 7.10 x 104 1.46 x 10-9 8.05 x 10-1 1.59 x 10-6 6.01 x 10-1 

air-HT 2.79 x 102 1.83 x 10-6 1.98 x 10-1 4.73 x 10-7 8.25 x 10-1 

water-Exp 1.50 x 106 6.74 x 10-11 9.29 x 10-1 1.66 x 10-6 5.04 x 10-1 

water-HT 1.45 x 103 5.45 x 10-10 4.19 x 10-1 1.43 x 10-6 7.18 x 10-1 

 

The ionic conductivity of the air exposed sample dropped from 2.92 × 10-3 to 

9.50 × 10-7 S cm-1, suggesting that exposure to ambient air largely degrades LPSCl. When LPSCl 

is dissolved in water, the ionic conductivity dropped even further to 4.67 x 10-8 S cm-1. 

Nevertheless, a heat treatment at 550°C was able to partially recover the ionic conductivity of 

both samples by approximately 3 orders of magnitude. DC polarization was conducted on all the 

samples and confirmed that the electronic conductivity did not increase following exposure and 

subsequent heat treatment (Figure 3.5). To investigate the origin of conductivity loss, XRD was 

conducted to probe the samples’ phase compositions. After the exposure, the XRD patterns of 

both the air-Exp and water-Exp samples changed completely (Figure 3.6). 
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Figure 3.5. The DC polarization plots (applying 1 V bias) of the pristine, air, and water exposed LPSCl 
samples before and after heat treatment. Their electronic conductivities are of 10-9 S cm-1 order. 

 

Figure 3.6. The XRD patterns of pristine, air and water exposed LPSCl samples.  
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LiCl can be observed in water-Exp sample, indicating decomposition of LPSCl when 

exposed to moisture. After the 550°C heat treatment, all the diffraction peaks in air-HT and 

water-HT samples can be attributed to four phases: LPSCl, LiCl, Li2S, and Li3PO4.28-31 Therefore, 

the diffraction patterns were refined and the results are shown in Figure 3.3b, 3.3c and Table 3.2. 

Table 3.2. The Rietveld refinement results of phase ratios and unit cells of air-HT and water-HT. 

air-HT Unit Cell      

Phase Phase ratio (%) a (Å) b (Å) c (Å) α (°) β (°) γ (°) 

Li6PS5Cl 35.8(3) 9.8550(7) 9.8550(7) 9.8550(7) 90 90 90 

Li2S 22.0(4) 5.713(1) 5.713(1) 5.713(1) 90 90 90 

LiCl 22.0(4) 5.1522(7) 5.1522(7) 5.1522(7) 90 90 90 

Li3PO4 20.4(3) 6.119(2) 10.487(3) 4.3926(1) 90 90 90 

 

water-HT Unit Cell      

Phase Phase ratio (%) a (Å) b (Å) c (Å) α (°) β (°) γ (°) 

Li6PS5Cl 8.2(8) 9.8924(7) 9.8924(7) 9.8924(7) 90 90 90 

Li2S 31.4(2) 5.7252(4) 5.7252(4) 5.7252(4) 90 90 90 

LiCl 28.3(2) 5.1690(3) 5.1690(3) 5.1690(3) 90 90 90 

Li3PO4 32.1(2) 6.1374(6) 10.513(1) 4.9358(4) 90 90 90 

 

Interestingly, the molar phase ratios of LiCl, Li2S, and Li3PO4 in both samples are close to 

1:1:1. Consequently, the net reaction after exposure and heat treatment can be described by the 

hydrolysis of LPSCl (equation 1): 

Li6PS5Cl + 4 H2O → LiCl + Li2S + Li3PO4 + 4 H2S↑    (1) 
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The hydrolysis of LPSCl will generate H2S gas, resulting in permanent sulfur loss. Thus, LPSCl 

cannot be fully recovered after heat-treatment. The main difference between the air-HT and the 

water-HT samples is the amount of remaining LPSCl. Exposing LPSCl to a large excess of water 

will lead to more severe sulfur loss, and thus lower the LPSCl phase ratio after heat-treatment. 

As heat treated samples undergo partial decomposition, cyclic voltammetry (CV) was conducted 

to confirm whether the electrochemical windows changed (Figure 3.7). Both air-HT and water-HT 

exhibit similar oxidation (2.6 and 3.0 V) and reduction peaks (1.8 and 1.0 V) as pristine LPSCl. 

Nevertheless, the peak height decreases and can be related with the phase ratio of recovered 

LPSCl in each sample. Air-HT and water-HT samples also show new reduction (0.8 – 0 V) and 

oxidation (1.2 V) peaks. These may be attributed to decomposition products, as the peak height 

is again positively correlated to their phase ratios. 

 

Figure 3.7. The cyclic voltammetry of a) pristine, b) air-HT, and c) water-HT LPSCl samples. 

As XRD reflects only the bulk properties of crystalline materials, more characterization 

methods were subsequently conducted to probe the local chemical environment and nature of 

chemical bonding. Figure 3.8 presents the S 2p and P 2p region spectra obtained by X-ray 

photoelectron spectroscopy (XPS). Pristine LPSCl exhibits an S 2p signal at 161.7 eV and a P 2p 

signal at 132.0 eV.23 Li2S signal at 160.3 eV was observed in both the air and water exposed 

samples, confirming that LPSCl decomposes in the presence of moisture. The water-Exp sample 

also exhibits a minor signal at 163.5 eV, which can be attributed to elemental sulfur or bridging 
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sulfur atoms of Li2Sn, resulting from the oxidation of S2- during the exposure to water.23, 32, 33 After 

the 550°C heat treatment, the amount of Li2S increases and the SO3
2- signal at 167.1 eV appears 

in both the air-HT and water-HT samples. Looking at the P 2p spectra, oxysulfides (POxSy) at 

133.0 eV form after exposure, and the intensity also increases after the heat treatment in both 

cases.11 The P-O signal can be observed at 133.6 eV and 133.8 eV in the air-HT and water-HT 

samples, indicating the formation of Li3PO4.34 The larger PS4
3- peak area in air-HT than that of 

water-HT implies a larger degree of LPSCl recovery in air-HT sample. These are consistent with 

the previous XRD results. 

 

Figure 3.8. The a) S 2p and b) P 2p XPS of the pristine, air, and water exposed LPSCl samples before and 
after heat treatment. 
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The chemical bonds of exposed LPSCl were studied by both FTIR and Raman 

spectroscopy. The FTIR spectra (Figure 3.9a) show that both the air and water exposed samples 

exhibit evidence of hydration with a strong O-H stretching peak at 3000 to 3500 cm-1. This 

indicates that LPSCl does not undergo a complete hydrolysis reaction when exposed to moisture. 

Asymmetric stretching (1427 cm-1) and out-of-plane bending (864 cm-1) of the carbonate anion 

were only observed in the air exposed sample, suggesting the formation of carbonate species 

due to a reaction with CO2 when exposed to ambient air.35 The carbonate signals were not 

observed in the water exposed sample, since LPSCl was not openly exposed to ambient air for a 

prolonged period of time in this case. As neither Li2CO3 nor LiHCO3 is observed in the XRD pattern, 

the carbonate species may be amorphous or formed only on the surface and in low amounts.36, 37 

After the heat treatment, strong PO4
3- asymmetric stretching peaks appear near 1030 cm-1, in 

agreement with the Li3PO4 formation observed using XRD.38 The pristine LPSCl shows strong 

PS4
3- stretching near 425 cm-1 in Raman (Figure 3.9b).39 After exposure to air, a strong peak at 

218 cm-1 appears and this implies the formation of oxysulfides. The sample exposed to water 

shows only a minor peak shift, but the peak shape is significantly narrowed compared to that of 

pristine LPSCl. This indicates the possible formation of different major oxysulfide species from 

the air-exposed sample. After the heat treatment for both exposed samples, the PS4
3- signal is 

partially recovered. Oxysulfides can still be observed, as they all exhibit a shoulder sitting around 

220 cm-1. However, as the Raman signals of PS4
3- and oxysulfides are close to each other, other 

characterization methods are required to reveal the specific details on the structure of exposed 

LPSCl. 
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Figure 3.9. a) FTIR and b) Raman spectra of the pristine, exposed and heat-treated LPSCl samples. The 
main peaks of interested are represented by dashed lines on the FTIR spectra, while the Raman spectra 
only shows the PS4

3- peak. 

To provide more insights on the hydration structure of exposed LPSCl, 31P NMR was 

conducted (Figure 3.10a). The pristine LPSCl exhibits broad peaks from ~ 85 - 81 ppm, as 

previously reported in literature 40-42 The peaks are assigned to PS4
3- tetrahedra that are 

broadened by anion disorder from substitutional mixing of Cl and S atoms.43 After either air or 

water exposure, the LPSCl peaks largely disappear and are replaced by two sharper peaks at 

83.2 and 76.7 ppm, which are assigned to hydrated POS3
3- and hydrated PO2S2

3- tetrahedra, 

respectively. The mixed oxysulfide phosphorous tetrahedra 31P chemical shift values agree with 

previous reports.44 Both peaks are present in {1H}-31P cross polarization measurements, indicating 

the phosphorous tetrahedra are spatially close to protons and have moderate dipolar coupling 

(Figure 3.10b and 3.10c). The air and water exposure appears to create the same hydrated 

POS3
3- and PO2S2

3- tetrahedra, evident by the respective peaks having the same chemical shift 
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anisotropy values (Figure 3.10b and 3.10c) and identical cross-polarization buildup curves (Figure 

3.11).  

 

Figure 3.10. a) 31P MAS NMR spectra of the pristine, dry room, exposed and heat-treated LPSCl samples. 
Comparison of 31P spectra with 1H decoupling (top) to 31P{1H} cross polarization spectra of b) air-Exp and 
c) water-Exp samples at spinning speeds of 5 (middle) and 1.5 kHz (bottom). Sideband analysis was 
conducted at both spinning speeds of the CP measurement to determine the chemical shift anisotropy (CSA) 
of the two hydrated oxysulfide phases, δiso=76.8 ppm, Δδ = 30.3 ppm, η = 0.63 (δ11=97 ppm, δ22= 73.0 ppm, 
δ33= 60.3 ppm) and δiso=83.5 ppm, Δδ = -34.3 ppm, η = 0.94 (δ11=105.7 ppm, δ22= 84.2 ppm, δ33= 60.6 
ppm). The CSA is defined with the Haeberlen convention where the principal components are ordered by 
|𝛿௭௭ െ 𝛿௦|  |𝛿௫௫ െ 𝛿௦|  ห𝛿௬௬ െ 𝛿௦ห, and where 𝛿௦ ൌ ଵ

ଷ
൫𝛿௫௫  𝛿௬௬  𝛿௭௭൯; ∆δ ൌ 𝛿௭௭ െ ሺ𝛿௫௫  𝛿௬௬ሻ/2; 𝜂 ൌ

ఋିఋೣೣ

ఋିఋೞ
. The CSA is also provided in the standard convention within parenthesis where the principal 

components are defined by δ11≥ δ22≥ δ33. d) 1H-31P HETCOR NMR contour plot showing 1H-31P correlations 
through dipolar coupling of the air exposed sample.  The HETCOR measurement reveals the oxysulfide 
phosphorous tetrahedra are spatially close to water and hydroxyl groups. 
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Figure 3.11. {1H}-31P cross polarization build-up curves from variable contact time measurements. The 
signal is normalized to highest intensity of each peak. The 83 and 76 ppm peaks have identical CP kinetics 
across the two samples indicating they are the same phases. 

After air exposure, close to 60% of the original LPSCl remains while most degradation 

produces the hydrated POS3
3- tetrahedra and a minor amount of hydrated PO2S2

3- tetrahedra 

(Table 3.3). The LPSCl phase may become disordered after air exposure and thus is not observed 

in the XRD pattern (Figure 3.6).  
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Table 3.3. NMR fitting results for pristine and exposed LPSCl. 

31P Site 
δiso 

(ppm) 
δwidth 
(ppm) 

% 
Total 

Recovered 
Li6PS5Cl (%) 

31P SLR T1 
(s) 

7Li SLR T1 (s)

Pristine Li6PS5Cl       

Li6PS5Cl PS4
3- 85.01 3.66 59    

Li6PS5Cl PS4
3- 83.13 3.53 35  4.0 0.16 

Li6PS5Cl PS4
3- 80.39 1.85 2    

Li3PS4 89.08 12 4  -  

Dry Room Li6PS5Cl       

Li6PS5Cl PS4
3- 85.03 3.88 60    

Li6PS5Cl PS4
3- 83.12 3.55 33  3.4 0.19 

Li6PS5Cl PS4
3- 80.43 1.85 2    

Li3PS4 87.94 11.96 5  -  

Ambient Air        

LPSCl PS4
3- 83.42 5.02 57  3.8 0.18 

Hydrated POS3
3- 83.27 1.34 36  386 9 

Hydrated PO2S2
3- 76.71 1.32 7  534 (LiCl) 11.7 

Ambient Air 550°C       

Li6PS5Cl PS4
3- 85.03 3.88 37    

Li6PS5Cl PS4
3- 83.12 3.55 28.6 67.4 2.9 0.13 

Li6PS5Cl PS4
3- 80.43 1.85 1.8    

PO2S2
3- 73.11 3.07 1  - 8.7 

PO3S3- 35.06 2.65 0.6  - 6.9 

Li3PO4 9.3 1.1 31  765.3 (LiCl) 26.5 

H2O         

Hydrated POS3
3- 83.2 1.48 8  742 (LiCl) 25.5 

Hydrated PO2S2
3- 76.78 1.06 92  992  

H2O 550°C       

Li6PS5Cl PS4
3- 85.03 3.88 29    

Li6PS5Cl PS4
3- 83.12 3.55 17 47 3.1 0.15 

Li6PS5Cl PS4
3- 80.46 1.9 1    

P2S7
4- 91.47 2.45 13  346.6  

PO2S2
3- 70.67 9.17 4  324.5  

PO3S3- 35.74 6.53 8  433.4  

PO4
3- 11.03 1.96 6  398.6  

Li3PO4 9.47 1.68 22  447.7 (LiCl) 25.7 
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The hydrated and mixed anion POxSy
3- tetrahedra are marked by very long spin-lattice 

relaxation times (T1) on the order of 100’s of seconds, whereas LPSCl has a T1 of about ~4 s. 

This extreme difference of T1 values can be used as a spectral filter by saturating the signal of 

the slow relaxing hydrated phases by using a short recycle delay (~15 s) during acquisition. The 

relaxation filter removes the signal from non-conducting phases and leaves the signal of the fast 

Li ion conductor LPSCl, demonstrating LPSCl remains after air exposure (Figure 3.12). 

 

Figure 3.12. 31P spectra of pristine LPSCl (bottom) and air exposed LPSCl collected with a short recycle 
delay (middle), and long recycle delay (top). Using a short recycle delay saturates the signal of the slowly 
relaxing phases and makes the signal of the LPSCl clearly observable. 

Further information about the state of hydration of the hydrated POS3
3- and PO2S2

3- phases 

can be obtained by 1H-31P heteronuclear correlation (HETCOR) measurements (Figure 3.10d). 

Both phases are spatially close to water molecules (1H δ ~ 4.9 ppm) and the hydrated POS3
3- 

tetrahedra are also close to -OH groups (1H δ ~ 0 ppm). The difference in neighboring water and 
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hydroxyl groups between the phases suggests some degree of microstructural heterogeneity 

caused by regions of more rapid degradation. Contrast to air exposure where some LPSCl 

remains, exposure to water eliminates the LPSCl signal from the 31P spectra indicating the LPSCl 

is completely degraded, in agreement with XRD results and the dramatically lowered ionic 

conductivity. Water exposure converts most of the sample to the hydrated PO2S2
3- phase with a 

minor amount of the hydrated POS3
3- phase. After heat treatment, about 67% of LPSCl is 

reformed in the air exposed sample while only 47% is recovered for the water exposed (Table 

3.2). The result is close to the phase ratios of LPSCl : Li3PO4 (31P NMR only detects P containing 

phases) obtained from XRD results (64% for the air exposed sample and 20% for the water 

exposed sample). The T1 values for the reformed LPSCl after heat treatment are comparable to 

the pristine LPSCl, in agreement with the similar recovery observed for the ionic conductivity. The 

sulfur loss from exposure to moisture/water produces the oxysulfide phosphorous tetrahedra 

which then largely disassociate into PO4
3- and PS4

3- tetrahedra after heat treatment with only 

minute amounts of oxysulfide tetrahedra (PO2S2
3- and PO3S3-) remaining (Table 3.2). A significant 

amount of Li3PO4 (δiso = 9.3 ppm45, 46) is formed after heat treatment from both air and water 

exposed samples, in agreement with XRD and FTIR results. Due to the extreme sulfur loss in the 

water exposed sample, more sulfur deficient phases are formed (Figure 3.13) like P2S7
4- (δiso =91.5 

ppm), PSO3
3- (δiso =35 ppm) and another PO4

3- phase (δiso =11 ppm).44, 47 This other PO4
3- phase 

has a slightly higher chemical shift than Li3PO4, suggesting it may have a higher coordination to 

S atoms within its second nearest neighbor shell. As such this resonance could arise from PO4
3- 

tetrahedra embedded within sulfur rich regions and further speaks to the microstructural 

heterogeneity. {1H}-31P cross polarization was attempted on the heat-treated samples but did not 

produce appreciable signal, indicating the samples have been completely dehydrated. 
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Figure 3.13. Closer view of the 31P spectra of the heat-treated samples to more clearly show the minor 
oxysulfide phases still present. 

7Li NMR was also performed to track the decomposition from the perspective of Li ions. 

Unfortunately, 7Li spectra are less elucidating chemically relative to 31P NMR because of strong 

homonuclear dipolar coupling considerably broadens the signal, 7Li has a narrow chemical shift 

range, and the rapid motion of Li ions over many crystallographically distinct sites in LPSCl causes 

chemical exchange meaning only the average chemical shift to be resolvable. Despite these 

limitations, some important insights are still available from 7Li NMR such as being able to track 

the formation of LiCl. The 7Li spectra (Figure 3.14) of pristine LPSCl is a very narrow peak 

centered around 1.52 ppm, in agreement with previous reports.42  
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Figure 3.14. 7Li spectra focused on the chemical shift range around LPSCl. The water exposed sample is 
omitted because it lacks a LPSCl signal and its breadth is beyond the axis scale.  

Because of the rapid Li ion motion, the Li ion experiences many chemical environments 

within the NMR experimental timeframe thus only one or two peaks are observable. However, the 

location of the narrowed peaks still provides insight to the local Li chemical environments. After 

air exposure the peak shifts to ~1.3 ppm and another peak arises at 1.24 ppm indicating there 

are two separate regions of rapid Li conduction. After heat treatment of the air exposed sample 

the narrow peak shifts back to 1.49 ppm, very close to the pristine LPSCl peak. The slightly lower 

frequency indicates the Li ions are moving through sites with slightly less sulfur. This can also 

explain the more dramatic lower frequency shift (peak at 1.36 ppm) in the heat-treated water 

exposed sample that has higher sulfur loss. Beyond the subtle changes in the fast Li ion 
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conducting peaks, the formation of decomposition products like LiCl and Li2S are more obvious 

(Figure 3.15).  

 

Figure 3.15. An overlay plot of all 7Li spectra to show the progressive increase of LiCl and Li2S after 
exposure and heat-treatment. 

After exposure, a broad peak at −1.1 ppm corresponding to LiCl becomes prominent. As 

evident from 31P NMR, water exposure eliminates the sharp peak LiPSCl signal leaving the LiCl 

peak and a very broad peak at 0.68 ppm that is likely immobile Li within the hydrated oxysulfide 

phosphorous phases. 7Li within phosphorous oxide environments have chemical shifts between 

1 to 0.14 ppm, so a slight shielding indicates the presence of more oxygen in the Li coordination 

sphere.45, 46 After heat treatment, along with the reformation of LPSCl, the LiCl peak remains along 

with a prominent shoulder at 2 ppm that is assigned to Li2S.48 The signal for Li3PO4 is not 
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resolvable but is likely contributing to the additional broadening of the peaks between 1 – 0 ppm. 

7Li spin-lattice relaxation times were measured on all the samples and found largely similar results 

as obtained by 31P SLR measurements (Table 3.2). The 7Li T1 of LPSCl is on the order of 100-

200 ms while oxysulfide and Li2S phases have T1 values around 9 s and LiCl has a T1 of ~26 s. 

As both IR and NMR spectroscopy indicate that LPSCl becomes hydrated, it is worth 

investigating the dehydration process during the heat treatment. Therefore, a combination of TGA, 

DSC, and MS were conducted to monitor the decomposition processes and gas evolution of H2O, 

H2S, and CO2 during heating. Figure 3.16 presents the TGA / DSC – MS of a pristine LPSCl 

sample. Little to no mass loss, endothermic, or exothermic reactions were observed in TG and 

DSC curves, indicating that the material is stable throughout the whole temperature range of the 

experiment. Nevertheless, the minor gas evolution observed can be explained by the short 

exposure to air during sample transfer to the instrument. As such, the pristine sample is used as 

the baseline when comparing the results of the air exposed samples.  
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Figure 3.16. The TGA / DSC – MS of pristine LPSCl. No obvious mass loss and DSC signal were observed. 
Due to short exposure to air during the sample preparation, there are slight H2S and H2O evolution. 

After the exposure, both the air (Figure 3.17a) and water exposed (Figure 3.18) samples 

exhibited significant mass loss in the TG curves and each of these mass losses is accompanied 

by gas evolution and endothermic or exothermic reactions. On the DSC curve, the reactions for 

both samples were located near 140, 300, and 430°C, with the main mass loss and gas evolution 
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occurring at around 140°C. Both H2O and H2S evolution were observed and thus both dehydration 

and hydrolysis (reaction between LPSCl and hydrated water at elevated temperature, generating 

H2S) reactions take place at this temperature. As the DSC curve indicates an overall endothermic 

result, the dehydration process is dominating over the hydrolysis (dehydration reactions are 

endothermic, while hydrolysis reactions are exothermic). The shapes of the curves are different 

for the air and water exposed samples, consistent with the different major hydrated species 

detected in the two samples, as shown in the 31P NMR results. At 296°C, both samples exhibit an 

exothermic peak accompanied with H2O and H2S evolution. This indicates that the hydrolysis 

reaction dominates at this temperature. There is an extra exothermic reaction at 332°C 

(accompanied with CO2 evolution) in the air exposed sample, suggesting that a carbonate species 

decomposes at this temperature. This reaction was not observed in the water exposed sample, 

as no carbonates formed under these conditions. This is consistent with the FTIR results 

presented in Figure 3.9a. For both samples, no gas evolution was detected after 350°C, 

suggesting the complete removal of H2O and CO2. One endothermic reaction occurs around 

430°C. As there is no mass loss and gas evolution associated with this reaction, this is purely a 

phase transformation reaction and it requires further characterization. 
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Figure 3.17. a) Coupled TGA / DSC and mass spectrometry measurements of the air exposed sample (air-
Exp). b) FTIR spectra and c) XRD pattern of the air-Exp sample heat treated at different temperatures. 

 

 

Figure 3.18. The TGA / DSC – MS of water-exposed LPSCl (water-Exp). 



 
 

85 
 
 

To confirm the reactions during the heating process, the air exposed sample was heat 

treated at selected temperatures: 200, 350, and 450°C, chosen according to the TGA / DSC 

results (Figure 3.19a). FTIR (Figure 3.17b), XRD (Figure 3.17c), and EIS (Figure 3.19b-d, Table 

3.4-3.5) were conducted after heat treatment. When heated to 200 °C, OH stretching and CO3
2- 

vibrations still appear on the FTIR spectra, but these signals disappear after heating above 350 

°C. After heating to 450 °C, the PO4
3- stretching signal was observed, indicating the formation of 

Li3PO4 at this temperature. Moreover, the XRD data also indicates the reformation of LPSCl at 

this temperature, as the diffraction pattern is similar to that of the air exposed sample heated to 

550°C (air-HT). The EIS measurements also show that the ionic conductivity increased by 3 

orders of magnitude after the heat treatment at 450°C. Both results imply that the reformation of 

LPSCl occurs at approximately 430°C. 

 

Figure 3.19. According to a) TGA / DSC – Mass result, AIR was heat treated at lower temperatures: 200, 
350 and 450°C for 8 hours and the b) Cole-Cole plot, c) magnitude and d) phase of Bode plots of air-Exp 
sample heat treated at all temperature were measured.  



 
 

86 
 
 

Table 3.4. The EIS fitting results of air-EXP and air-HT samples heat treated at 200, 350 and 450°C. 

Sample R1 + R2 CPE1-T CPE1-P CPE2-T CPE2-P 

air-Exp 7.10 x 104 1.46 x 10-9 8.05 x 10-1 1.59 x 10-6 6.01 x 10-1 

air-HT @ 200°C 3.23 x 104 4.70 x 10-8 5.68 x 10-1 4.03 x 10-7 7.65 x 10-1 

air-HT @ 350°C 5.52 x 104 5.76 x 10-9 7.17 x 10-1 2.95 x 10-7 5.82 x 10-1 

air-HT @ 450°C 4.39 x 102 5.76 x 10-11 7.28 x 10-1 2.51 x 10-7 7.87 x 10-1 

 

Table 3.5. A summary of ionic conductivity of air-HT heat-treated at 200, 350 and 450°C. 

Ionic Conductivity (S cm-1) 

Pristine 2.90 x 10-3 

air-Exp 1.72 x 10-7 

200°C 2.17 x 10-6 

350°C 1.26 x 10-6 

450°C 1.59 x 10-4 

 

The wide array of characterization results show that LPSCl is most significantly affected 

by moisture exposure. As such, LPSCl may show improved stability if the humidity of the 

atmosphere is controlled. To prove this hypothesis, LPSCl was exposed to air in a dry room with 

a dew point of −45°C for 1, 2, 3, and 24 hours. Figure 3.20a shows the ionic conductivity as a 

function of the exposure time, the corresponding Nyquist plots and fit values are presented in 

Figure 3.21a and Table 3.6. The electrolyte conductivity decreased linearly during the first 3 hours 

of exposure, but maintained a value of 2.33 x 10-3 S cm-1 after 24 hours of exposure, which is 3 

orders of magnitude higher than air-Exp sample. The ionic conductivity of dry room exposed 

LPSCl can be partially recovered to 2.77 x 10-7 S cm-1 after a heat treatment at 550°C for 8 hours. 

As shown in Figure 3.21b, the electronic conductivity of LPSCl did not increase after dry room 

exposure. 
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Figure 3.20. a) Ionic conductivity of pristine LPSCl, LPSCl samples exposed in a dry room for 1, 2, 3, 24 
hours, a heat-treated sample following 24 hours of dry room exposure, and air-exposed LPSCl. b) 1st cycle 
voltage profiles, c) capacity retention and Coulombic efficiency of NCM811 | LPSCl | LiIn cells assembled 
using pristine or 24h dry room exposed LPSCl electrolytes. 

 

 

Figure 3.21. a) The Nyquist plots of LPSCl exposed in a dry room for 1, 2, 3 and 24 hours. b) the DC 
polarization of LPSCl exposed in a dry room for 24 hours. No significant increase in electronic conductivity 
was observed.  
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Table 3.6. The EIS fitting results of LPSCl samples exposed in a dry room for 1, 2, 3 and 24 hours. 

Sample R CPE-T CPE-P 

Pristine 2.86 x 101 6.85 x 10-8 9.16 x 10-1 

1 hour 3.03 x 101 2.01 x 10-6 8.93 x 10-1 

2 hours 2.57 x 101 2.00 x 10-6 8.74 x 10-1 

3 hours 2.49 x 101 3.20 x 10-6 8.60 x 10-1 

24 hours 3.06 x 101 2.20 x 10-6 8.90 x 10-1 

XRD (Figure 3.22), Raman (Figure 3.23), 31P NMR (Figure 3.10a) and 7Li NMR (Figure 

3.14) show no large-scale decomposition happened to the material during exposure in the dry 

room environment even after 24 hours, as these data are very similar to those of the pristine 

LPSCl sample.  

 

Figure 3.22. The XRD patterns of pristine LPSCl, LPSCl exposed in a dry room for 24 hours, and followed 
by a heat treatment at 550°C. 
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Figure 3.23. The Raman spectra of pristine LPSCl and after exposing in a dry room for 24 hours. 

Nevertheless, FTIR (Figure 3.24) shows an increasing CO3
2- signal with increasing 

exposure time, indicating the formation of carbonate species. Attempts at measuring 13C-1H cross-

polarization NMR to further characterize the carbonate species were unsuccessful, thus indicating 

the quantity of carbonates is extremely low or the carbonates are not spatially close to protons. 

 



 
 

90 
 
 

 

Figure 3.24. The FTIR spectra of pristine LPSCl and LPSCl exposed in a dry room for 1, 2, 3, 24 hours and 
followed by a heat treatment at 550°C. 

The CO2 evolution peak observed near 330°C in the TGA/DSC – MS measurements 

(Figure 3.25) also confirm the existence of carbonates. Therefore, carbonate formation may 

explain the ionic conductivity drop. After removing carbonates with a heat treatment at 550°C for 

8 hours, as suggested by the TGA results, the CO3
2- signal no longer appears in the FTIR 

spectrum and the ionic conductivity is also mostly recovered. However, there is evidence of LPSCl 

decomposition in the FTIR spectrum (PO4
3- signal at 1030 cm-1) and the XRD pattern (LiCl, Li2S, 
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and Li3PO4 peaks are identified), which may explain why the ionic conductivity is not fully 

recovered.  

 

Figure 3.25. The TGA / DSC – MS of LPSCl exposed in a dry room for 24 hours. 

Lastly, the dry room adaptability of LPSCl was examined by comparing the performance 

of two LiNi0.8Co0.1Mn0.1O2 (NCM811) | LPSCl | LiIn all-solid-state cells, fabricated with either the 

pristine or the dry room exposed (24 hours) LPSCl. Both cells exhibit similar 1st cycle charge 

capacity of around 214 mAh g-1 and 1st cycle Coulombic efficiency (CE) of 78.1% (Figure 3.20b). 

Moreover, the cell performance (Figure 3.20c) in further cycles (CE and capacity retention) are 

also similar, proving that this particular sulfide SSE is dry room compatible. 
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3.4 Conclusion 

This study elucidates the degradation mechanism of a sulfide electrolyte, LPSCl, during 

exposure to air and moisture. The effects of post-heat treatment at 550°C on the exposed LPSCl 

were also studied. As evidenced by our results, both hydration and hydrolysis reactions occur 

during the exposure. To investigate the mechanism in detail, XRD, XPS, Raman, FTIR, and NMR 

characterizations were conducted at various exposure and heat treatment states. When exposed 

to ambient air and water, LPSCl not only partially hydrolyzes to generate H2S, resulting in 

permanent sulfur loss, but also forms two different hydrated species and carbonates (depending 

on the amount of water). Heat-treatment at 350°C can fully dehydrate LPSCl and completely 

decompose the carbonates. Nevertheless, the hydrolysis reaction can still occur during the heat 

treatment. LPSCl can be partially recovered when heated to 450°C, during which LiCl, Li2S and 

Li3PO4 are also formed, accompanying the sulfur loss due to the hydrolysis reaction. When 

exposed to a dry room atmosphere, where the level of moisture is strictly controlled (around 100 

ppm), LPSCl does not undergo significant decomposition and retains most of its ionic conductivity 

even after 24 hours of exposure. Nevertheless, minor carbonate formation still occurs, explaining 

the slight reduction in conductivity. These carbonate species can also be removed via heat 

treatment at 550°C. Finally, the dry room exposed LPSCl was used to fabricate a 

NCM811 | LPSCl | LiIn all solid-state cell and compared with the pristine electrolyte. Both cells 

showed similar electrochemical performance and capacity retention, indicating that this argyrodite 

electrolyte is dry room compatible. Our work thus provides a foundation for the academic field to 

move forward and focus on developing scalable ASSBs. 

Chapter 3, in full, is a reprint of the material “Investigating dry room compatibility of sulfide 

solid-state electrolytes for scalable manufacturing.” as it appears in Journal of Materials Chemistry 

A. Chen, Y.-T.; Marple, M. A.; Tan, D. H. S.; Ham, S. Y.; Sayahpour, B.; Li, W. K.; Yang, H.; Lee, 

J. B.; Hah, H. J.; Wu, E. A.; Doux, J.-M.; Jang, J.; Ridley, P.; Cronk, A.; Deysher, G.; Chen, Z.; 
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Meng, Y. S. 2022, 10, 7155−7164. The dissertation author was the first author of this paper, all 

authors contributed to this work. 
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Chapter 4. Investigating Dry Room Compatibility of Chloride Solid-State Electrolytes for 

Scalable Manufacturing 

4.1 Introduction 

Nowadays, Li-ion batteries (LIBs) have become part of daily life with billions used in 

electronic devices and electric vehicles. As conventional LIBs utilize flammable liquid electrolytes, 

increasing efforts are being invested to develop all-solid-state batteries (ASSBs) employing less 

or non-flammable solid-state electrolytes (SSEs).1-4 Moreover, SSEs can also enable anode 

materials with higher capacity like Si and Li.5-8 Unlike conventional LIBs, whose manufacturing 

process has been very well developed, there are still plenty of challenges when fabricating all-

solid-state Li batteries (ASSLBs) on a commercial scale. The use of dry rooms is already well 

established for LIBs so it would be ideal if ASSLBs could also be made in the same facilities. 

Therefore, it is important to validate whether SSEs are stable in dry room conditions, however, 

the dry room stability of many SSEs has yet to be properly evaluated. 

Most inorganic SSEs for ASSLBs can be grouped into three categories: oxides, sulfides, 

and halides.9 Although oxide SSEs possess superior chemical and electrochemical stability, their 

high synthesis temperature and high Young’s modulus limit their use in many applications.9-12 

Sulfide SSEs are frequently utilized in ASSLBs due to their high ionic conductivity, ease of 

synthesis, and high elemental abundance. However, sulfide electrolytes exhibit a narrow 

electrochemical stability window, leading to limited applications with cathode materials requiring 

a high cut-off voltage (LiNi0.5Mn1.5O2) or large surface area (LiFePO4) due to excessive sulfide 

oxidation and cathode electrolyte interphase (CEI) formation. Chlorides SSEs possess a higher 

oxidation stability so they can be employed when a high cut-off voltage is required at the cathode 

side.13-14 
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Several chlorides with the general formula Li3MCl6 (M = Tb3+, Lu3+, Y3+, and Sc3+) have 

been reported in the 1990s.15-16 Depending on the size of the M3+ cation and the Li+ distribution in 

the structure, these chlorides can crystallize in the trigonal (𝑃3ത𝑚1), orthorhombic (𝑃𝑚𝑛𝑎), or 

monoclinic (𝐶2/𝑚) structures.9, 15 Halide SSEs started receiving renewed attention after Asano et 

al. reported that Li3YCl6 (LYC) and Li3YBr6 synthesized by a mechanochemical method, exhibited 

ionic conductivities of 0.51 and 1.7 mS cm−1, respectively, much higher than those previously 

reported.17 As the Cl− anion exhibits a higher oxidation stability than S2−, chloride SSEs are more 

oxidatively stable than sulfide electrolytes. The oxidation electrochemical window can reach 

approximately 4.2 V for chlorides.9, 16, 18-19 Unlike conventional synthesis methods using high-

temperature solid-state reactions, various halide SSEs at metastable phases and different crystal 

structures can be prepared using a mechanochemical approach.19 Moreover, such an approach 

can improve the ionic conductivity of halide SSEs by introducing disorders into the cation and 

anion sublattices.9, 20-21 Tuning the crystal structures and the concentration of Li ions by partial 

substitution of the central metal cations is another effective method to boost ionic conductivity. 

Li3−xM1−xNxCl6 (M = Er3+, Y3+, and Yb3+; N = Zr4+ and Hf4+) electrolytes were reported to exhibit an 

enhanced ionic conductivity than the unsubstituted Li3MCl6 electrolytes due to the formation of 

new phases with a lower migration barrier for Li ions.22-23 For example, Kwak et al. improved the 

ionic conductivity of Li2ZrCl6 (LZC) by Fe3+ substitution, resulting from the increased concentration 

of Li+.21 

Despite their superior oxidation stability over sulfide SSEs, the adaptability of chloride 

SSEs to scalable manufacturing conditions needs to be evaluated. A recent study on the dry room 

compatibility of Li6PS5Cl (LPSCl) has shown that LPSCl is prone to hydrolysis when exposed to 

moisture, but a maximum dew point of −40 °C is sufficient to minimize H2S evolution to prevent 

ionic conductivity loss and to ensure workers’ safety.24-25 Likewise, chloride SSEs have been 

known to be sensitive towards hydrolysis upon moisture exposure. 9, 26-27 Li3InCl6 (LIC) has been 
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reported to form stable hydrate upon storage in air, but it can be recovered by heating above 200 

°C.28 On the other hand, some chloride SSEs have been found to undergo either decomposition 

or severe hydrolysis when exposed to air. Therefore, the dry room compatibility of chloride SSEs 

should be evaluated to identify the most promising chemistry and suitable processing conditions 

for mass production. 

This study aims to investigate the dry room compatibility of chloride SSEs where the 

obtained results can be used as criterion for material selection for future upscaling processes. 

Three promising chloride SSEs possessing high ionic conductivities at ambient temperature, e.g., 

LZC, LYC, and LIC, were chosen for this study. Prior to testing the dry room stability, all materials 

were first exposed to ambient air (air-Exp), containing a higher humidity level than dry rooms, to 

speed up degradation for the ease of mechanistic study. Afterward, the exposed samples were 

recovered and underwent heat treatment (air-HT) to evaluate recoverability of the initial material. 

The obtained results show that LZC underwent severe hydrolysis, while LYC and LIC underwent 

hydration. Only LIC was recoverable after the heat treatment, rendering it the most stable chloride 

SSE among the three. Finally, the three chloride SSEs were exposed to a dry room environment, 

with reduced moisture level, for 3 h. The exposed electrolytes were used as catholytes in 

NCM811|LiIn half cells and exhibited higher cell impedance and lower discharge capacity. 

Compared to LPSCl,25 the chloride SSEs studied here are more sensitive to moisture exposure. 

4.2 Materials and Methods 

4.2.1 Synthesis of Chloride SSEs 

All chloride SSEs were synthesized via a mechanochemical approach using a Retsch 

PM200 planetary ball-mill. Precursors, including LiCl (Sigma Aldrich), ZrCl4 (Sigma Aldrich), YCl3 

(Alfa Aesar), and InCl3 (Alfa Aesar), were stoichiometrically mixed with a mortar and a pestle, and 

1.5 g of precursor mixture were transferred to a 50 mL air-tight ZrO2 jar with fifteen 10 mm ZrO2 
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milling media in an Ar-filled glovebox. LZC and LIC were ball-milled at 550 rpm for 3 h, and LYC 

was at 500 rpm for 1 h. 

4.2.2 Exposure and Heat Treatment of Chloride SSEs 

Air-Exp samples were prepared by placing 0.5 g of chloride SSEs evenly in a 125 mL 

wide-mouth glass jar in an Ar-filled glovebox and then transferring them to the antechamber with 

a total volume of 250 L. The chamber door was opened for 1 min to fill the antechamber with 

ambient air having a relative humidity between 45 – 55 %. After 24 h of exposure, the 

antechamber was vacuumed and purged with Ar, and the air-Exp samples were collected. The 

Air-HT samples were obtained by heating the Air-Exp samples in quartz tubes under a dynamic 

vacuum at assigned temperatures (LZC: 350℃;29 LYC: 550℃;17 LIC: 260℃30). Dry room exposed 

samples were prepared by distributing multiple batches of 0.5 g SSEs on petri dishes in a dry 

room environment with a dew point of −60℃ for 3 h. 

4.2.3 Electrochemical Characterization 

To avoid air exposure, all cell fabrication and measurements were done in an Ar-filled 

glovebox. To obtain the ionic conductivity, 75 mg of chloride SSE was placed in a 10 mm PEEK 

die and pressed at 370 MPa using a pair of titanium plungers to obtain the pellet. The SSE 

thickness is estimated by measuring the length difference of the cell with and without the SSE 

pellet with a Vernier caliper. The cell was tightened to 75 MPa using a cell holder. Electrochemical 

impedance spectroscopy (EIS) measurements were performed from 1 MHz to 0.1 Hz, with an 

applied AC amplitude of 30 mV. The acquired Nyquist plots were analyzed with Z-View software. 

To obtain the electronic conductivity, a DC voltage of 0.5 V was applied to the SSE pellet and the 

residual current induced by the excitation pulse was recorded. To obtain the oxidation potential 

of the pristine and dry room exposed chloride SSEs, the powders were mixed with acetylene black 

(AB) at a weight ratio of 7:3 (SSE:AB) with mortar and pestle. LiIn anode was prepared by vortex 
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mixing Li and In powder (MSE Supplies) at a weight ratio of 1:33. LiIn alloy was used as both 

counter and reference electrode. Linear scan voltammetry (LSV) was conducted using SSE-C | 

LPSCl | LiIn cells at a scan rate of 0.1 mV s−1 from open circuit voltage (OCV) to 5 V vs. Li/Li+. 

The measurements were conducted using a Solartron 1260 Impedance Analyzer at room 

temperature. 

Half cells were employed to evaluate the electrochemical performance of chloride SSEs 

(LZC, LYC, and LIC) before and after exposure to the dry room environment. The half cells were 

constructed by pelletizing 15 mg of NCM811 cathode composites, 70 mg of LPSCl and 50 mg of 

LiIn alloy anode with PEEK dies. The cathode composites were fabricated by mixing 

LiNi0.8Co0.1Mn0.1O2 (NCM811, LG Energy Solution), chloride SSEs, and vapor grown carbon fiber 

(VGCF, Sigma-Aldrich) at a weight ratio of 66:31:3 with mortar and pestle. The half cells were 

tested using Neware Battery cyclers (A211-BTS-1U-ZWJ) with cut-off voltages of 2.5 V and 4.3 

V vs. Li/Li+ at room temperature. The cells underwent two formation cycles at C/10 (1 C = 

200 mAh g–1) and EIS were recorded in the second formation discharge at 50% state of charge. 

Afterward, the cells were cycled at C/3 with an additional constant voltage cut-off of C/10 at the 

end of charging for 50 cycles. Subsequently, the cells were again cycled at C/10 and the other 

EIS was recorded when discharged to a state-of-charge of 50%. 

4.2.4 Characterization 

X-ray diffraction (XRD) patterns of chloride SSEs were obtained using a Bruker APEX II. 

The powder was sealed in a 0.7 mm boron-rich glass capillary in an Ar-filled glovebox. 

Measurements were taken using Mo Kα radiation ( = 0.70926 Å) over a 2θ range of 5° to 40°, 

with a step size of 0.01°. Le Bail refinement was done using FullProf software. Space group P-

3m1 was selected to refine LZC and LYC, and C2/m was selected for LIC.9, 29, 31-32 Energy 

dispersive X-ray spectroscopy (EDS) was obtained with a FEI Scios DualBeam Focused ion 
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beam/scanning electron microscope, and the samples were prepared in an Ar-filled glovebox and 

transferred with an air-tight loader to avoid any atmosphere exposure. A NETZSCH STA 449 F3 

Jupiter Simultaneous Thermal Analyzer with Coupled QMS 403 D Aëolos Mass Spectrometer 

was used to obtain thermogravimetric analysis/differential scanning calorimetry coupled mass 

spectrum data (TGA/DSC–MS). To observe H2O and HCl evolution, MS was set to monitor 

molecular weights at 18 and 36 g∙mol−1. 15–20 mg of chloride SSE samples were placed in Al2O3 

pans (6.8 mm in diameter / 85 µL). The samples were prepared within 2 mins to minimize air 

exposure. All measurements were conducted in an N2 atmosphere, scanning from 30 to 450℃ at 

a scan rate of 5℃ min–1 

4.3 Results and Discussion 

To understand the impact of moisture exposure and potential recoverability, pure phase 

LZC, LYC, and LIC (confirmed with Le Bail refinement in Figure 4.1) were exposed to ambient air 

followed by heat treatment. EIS at each stage was measured and is shown in Figure 4.2. Before 

the exposure, all three materials exhibited ionic conductivities in the range of 10−4 S cm−1, 

comparable to previous literature.17, 29-30 After the exposure, the ionic conductivities of the SSEs 

all dropped to 10−6 mS cm−1 or lower, indicating some reaction has taken place. Note that the 

conductivity values only reflected the ionic conductivity of the decomposed or the hydrated 

products, rather than the degree of reactions. After heat treatment, only LIC recovered close to 

its pristine ionic conductivity, while both LZC and LYC exhibited further decay. 
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Figure 4.1. The Le Bail refinement of (a) LZC, (b) LYC, and (c) LIC. The three SSEs are confirmed to be a 
pure phase. 

 

 

Figure 4.2. Ionic conductivities and XRD patterns of (a) LZC, (b) LYC, and (c) LIC before and after air 
exposure and after the heat treatment. 
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The pristine and Air-Exp chloride SSEs exhibited similar electronic conductivities in the 

range of 10−9 S cm−1 (Figure 4.3), implying an electronically conductive phase was not formed 

after air exposure. 

 

Figure 4.3. The DC polarization of pristine and Air-Exp chloride SSEs. 

XRD patterns of all chloride SSE samples were investigated to understand the chemical 

reactions occurring during the moisture exposure and heat treatment. The XRD patterns showed 

that all three materials were fully or close to fully decomposed or hydrated, as the peaks of their 

pristine states were not observed. After exposing, the XRD pattern of LZC showed the formation 

of LiCl. The pattern remained similar after the heat treatment, suggesting that the Air-Exp LZC 

cannot be recovered. As ZrCl4, one of its precursors, has high tendency to hydrolyze and form 

ZrO2, it is likely to present in Air-Exp LZC.33 Since ZrO2 exhibited diffraction peaks with similar 
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diffraction angles to those of LiCl (Figure 4.4), EDS was employed to inspect the elemental ratio 

and the spectra are shown in Figure 4.5.34-35 

 

Figure 4.4. The XRD patterns of Air-Exp and Air-HT LZC in comparison to the theoretical pattern of LiCl 
(ICSD 26909) and ZrO2 (ICSD 66785).34-35 As ZrO2 and LiCl exhibit diffraction peaks at similar 2θ, EDS 
was done to confirm the formation of both compounds. 
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Figure 4.5. The EDS spectra of (a) pristine and (b) Air-HT LZC. 

The oxygen atomic ratio increased significantly to 43.2% after the air exposure and heat 

treatment, indicating that LZC chemically reacted with air. As Air-HT LZC exhibited an 

approximate atomic ratio of Zr:Cl:O = 1:2:2, the net chemical reaction after the exposure can be 

deduced: 

Li2ZrCl6 + 2 H2O → 2 LiCl + ZrO2 + 4 HCl    (1) 

The XRD pattern of Air-Exp LYC can be deconvoluted into YCl3ꞏ6H2O and LiClꞏH2O 

(Figure 4.6), indicating that LYC decomposed into the hydrates of its precursors upon contact with 

air.36-37 The chemical reaction can be written as: 

Li3YCl6 + 9 H2O → YCl3·6 H2O + 3 LiCl·H2O   (2) 
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Figure 4.6. The XRD patterns of Air-Exp LYC in comparison to the theoretical pattern of YCl3ꞏ6H2O (ICSD 
68516) and LiClꞏH2O (ICSD 391153).36-37  

While anhydrous LiCl can easily be obtained by heating LiClꞏH2O, YCl3ꞏ6H2O underwent 

a hydrolysis reaction to form YOCl.27, 38-40 Consequently, LiCl and YOCl were observed in the XRD 

pattern (Figure 4.7) showing that LYC was not recoverable after heat treatment.34, 40-41 

YCl3·6 H2O + 3 LiCl·H2O → YOCl + 3 LiCl + 8 H2O + 2 HCl   (3) 
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Figure 4.7. The XRD patterns of Air-HT LYC in comparison to the theoretical pattern of YOCl (ICSD 60586) 
and LiCl (ICSD 26909).34, 41  

The crystal structures of chloride SSEs have no relationship with their behaviors towards 

moisture exposure. The crystal structure is more relevant to the ratio of ionic radii between cations 

and anions.18 

To determine the moisture stability at room temperature, it is often effective to look at the 

Z2 / r ratio and the Pauling electron negativity of the metal center (where Z is the oxidation number 

and R is the ionic radius). The higher the Z2 / r and the electron negativity are (higher valence 
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number and smaller ionic radius), the more acidity, or tendency to hydrolyze the metal center is. 

This can be described by the formula.42  

𝑝𝐾 ൌ 15.14 െ 0.8816 ቈ
𝑍ଶ

𝑟
 9.60൫𝜒௨ െ 1.50൯ 

The Z2 / R ratio and electron negativity combined ranking in a decreasing order is Zr4+, In3+ 

and Y3+. Indeed, LZC hydrolyzes severely, and LYC does not hydrolyze at room temperature, 

which the theory explains well. However, rare earth metal halide salts (Sc, Y, and La-Lu)40, 43 form 

oxihalides when their hydrates are heated. For example, LYC shows the least acidity at room 

temperature, it forms YOCl when heated to higher temperature, which the theory is no longer 

accurate. 

To avoid confusion, a convenient way to predict the stability is to study the chemical 

properties of their chloride precursors, namely, ZrCl4, YCl3 and InCl3, as they have identical metal 

centers and will behave similarly. 

Unlike LZC and LYC, LIC can form stable hydrates without significant decomposition.28, 30 

It can be restored to its original phase after heating at 260°C, as shown in the XRD patterns in 

Figure 4.2c. Nevertheless, formation of minuscule In2O3, resulting from slight hydrolysis, was 

reported due to weak acidity of In3+ in aqueous solution, resembling the property of its InCl3 

precursor.44 

Since HCl and H2O evolution is a key indication of hydrolysis and dehydration reactions, 

it is important to detect them directly. However, HCl and H2O are volatile and cannot be observed 

using XRD. TGA/DSC–MS was used to monitor both the weight change and gas evolution of the 

samples during the thermal treatment at high temperatures. The TGA/DSC–MS results of the 

three chloride SSEs at the pristine (Figure 4.8) and air-exposed (Figure 4.9) states were examined. 

At the pristine state, significant weight losses were only observed in pristine LZC above 350 °C, 



 
 

110 
 
 

due to the sublimation of ZrCl4.45 All the other minor weight losses and gas evolution were a result 

of short air exposure during the sample preparation. After 24 h of air exposure, all three exhibited 

endothermic signals due to the dehydration reaction or desorption of H2O. Air-Exp LZC released 

HCl when heated to 80 °C, indicating that the hydrolysis reaction started close to room 

temperature. As LZC was fully hydrolyzed, ZrCl4 sublimation signals were no longer observed 

above 350 °C. Different from LZC, Air-Exp LYC did not have HCl evolution before 150℃, 

indicating that Li3YCl3 hydrate was stable and started to hydrolyze and formed YOCl after 150 °C. 

No obvious HCl evolution was observed in Air-Exp LIC and H2O evolution ends at approximately 

230 °C, in consistent with the recovery of the LIC phase after heat treatment at 260 °C observed 

in the XRD result. 

 

Figure 4.8. The TGA/DSC–MS of pristine (a) LZC, (b) LYC, and (c) LIC. The minor H2O and HCl evolution 
are due to the short air exposure during sample preparation. 
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Figure 4.9. The TGA / DSC – MS of air-exposed (a) LZC, (b) LYC, and (c) LIC. HCl and H2O were monitored, 
as they are the product of hydrolysis and dehydration reactions, respectively. 

To verify the chemical reaction deduced from the XRD result, the weight changes after air 

exposure and TGA (heat treatment), and net weight change are summarized in Table 4.1. To 

calculate the theoretical weight change, the molar mass of pristine SSEs and solid products (i.e., 

ignoring HCl and H2O) are calculated. The theoretical values of the three SSEs can be obtained 

following Table 4.2. 

Table 4.1. The weight changes of LZC, LYC and LIC after air exposure and TGA. 

Unit (%) LZC LYC LIC 

Air-Exp −4.3 36.5 28.1 

TGA −32.2 −35.0 −24.4 

Net change −35.1 −11.3 −3.2 
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Table 4.2. The chemical formulas of pristine SSEs and their solid products. The theoretical weight changes 
can be calculated accordingly. 

 
LZC LYC LIC 

Pristine SSE Li2ZrCl6 Li3YCl6 Li3InCl6 

Solid products ZrO2 + 2 LiCl YOCl + 3 LiCl Li3InCl6 

Theoretical change (%) −34.6 −17.0 0 

 

LZC exhibited a negative weight change of −4.3% after the exposure, indicating that it 

started to hydrolyze and gave off HCl upon contacting moisture. A further weight change of 

−32.2% was observed during the TGA, because of HCl and H2O removal. This led to a net weight 

loss of −35.1%, which is close to the theoretical value of −34.6%. LYC gained 36.5% weight during 

air exposure and lost 35.0% weight in TGA, leading to a net weight change of −11.3%. The 

difference between the experimental and theoretical value (−17.0%) could result from sample 

inhomogeneity during air exposure. LIC gained 28.1% after air exposure and lost 24.4% in TGA, 

resulting in a net change of −3.2%, close to the theoretical value of 0%. The weight analysis 

results are overall consistent with the XRD results. Based on the XRD and TGA/DSC–MS results, 

the chemical evolutions of the three chloride SSEs during air exposure and heat treatment can 

be summarized in Figure 4.10. 

 

Figure 4.10. Summarized scheme of moisture stability and recovery process of (a) Li2ZrCl6, (b) Li3YCl6, 
and (c) Li3InCl6. 
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Lastly, all SSEs were exposed to a dry room environment with a dew point of −60 °C for 

3 h. Figure 4.11 presents the ionic conductivity changes and XRD patterns of the SSEs before 

and after dry room exposure. The ionic conductivities of all the SSEs dropped to approximately a 

quarter of their original values despite little to no change observed in their XRD patterns. 

 

Figure 4.11. (a) Ionic conductivities and (b) XRD patterns of LZC, LYC and LIC after dry-room exposure. 

The oxidation potential of the chloride SSEs after exposure to dry room was probed with 

LSV (Figure 4.12). The oxidation onset voltages were all approximately 4 V, which is close to the 

theoretical calculation.19 The oxidation onsets remained almost the same after the dry room 

exposure, as only Cl− is involved in the oxidation reaction (2 Cl− → Cl2 + 2 e−),9 suggesting that 

the effect of hydration on the electrochemical window is minimal. To evaluate the electrochemical 

performance of the SSEs, they were paired with NCM811 cathode composites and assembled 

into NCM811-chloride SSE|LPSCl|LiIn half cells. 
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Figure 4.12. The LSV of pristine and Air-Exp chloride SSEs. 

Figure 4.13 presents the cycling performance and impedance changes before and after 

50 cycles (Detailed fitting results are shown in Figure 4.14). After dry room exposure, the 

impedance of the cells increased, especially the charge transfer impedance, indicating the 

decomposed products have negative impact to the electrochemical performance. 

 

Figure 4.13. (a), (b), (c) Cycle performance and (d), (e), (f) corresponding impedance changes of NCM | 
Li-In half-cells whose cathode composites contain pristine and dry-room-exposed LZC, LYC, and LIC as 
catholytes. 
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Figure 4.14. The fitted resistance values of the NCM811 | LiIn half cells using pristine and Air-Exp LZC, 
LYC and LIC as catholytes. The Nyquist plots in Figure 4.13(d), (e) and (f) are fitted with the top left circuit.  

The larger cell impedance resulted in more polarization and longer constant voltage 

capacities at the end of charging (Figure 4.15). Consequently, NCM811 half cells using dry room 

exposed SSEs exhibited reduced capacities. The dry room exposed LZC cell exhibited the least 

capacity drop compared to its pristine form among the three SSEs, as the EIS had relatively minor 

degradation after the dry room exposure (Figure 4.13d). The LYC cell exhibited the worst capacity 

retention among the three SSEs, as the dry room exposed LYC also exhibited the lowest ionic 

conductivity of 6.4 × 10−5 S cm−1 (Figure 4.11a). A slight further capacity reduction can be 

observed in all cells, possibly because of contact loss or cathode electrolyte interphase formation, 

and it was reflected in the impedance increase shown in the Nyquist plots.46-47  

 

 

 



 
 

116 
 
 

 

Figure 4.15. The voltage profiles of the NCM811 | LiIn half cells using (a) LZC, (b) LYC, (c) LIC, air-Exp (d) 
LZC, (e) LYC, and (f) LIC as catholyte. 

4.4 Conclusion  

In this study, three chloride SSEs, namely LZC, LYC, and LIC, were synthesized and their 

chemical evolution during air exposure and heat treatment was analyzed using EIS, XRD, and 

TGA/DSC–MS. The experimental analysis indicates that the chloride SSEs suffer from different 

decomposition in moisture atmosphere depending on its metal center. Firstly, LZC hydrolyzes into 

ZrO2 and LiCl upon contacting moisture and is not recoverable after heat treatment. Secondly, 

LYC decomposes into YCl3ꞏ6H2O and LiClꞏH2O during the exposure and YCl3 further hydrolyzes 

to form YOCl, making LYC unrecoverable. Lastly, LIC forms a stable hydrate and can be easily 

recovered when heated to 260 °C to remove hydrated water. Finally, all three materials were 

exposed to a dry room environment with a dew point of −60 °C for three hours. Subsequent 

electrochemical tests indicate that all SSEs suffer from ionic conductivity decay, which is reflected 

in the reduced discharge capacity of NCM811|LiIn half cells. The SSEs evaluated here are 
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sensitive to moisture even in dry room conditions. Nevertheless, surface modifications or doping 

can be explored to increase the moisture tolerance of chloride SSEs. 

Chapter 4, in full, has been submitted for publication as “Investigating dry room 

compatibility of Chloride solid-state electrolytes for scalable manufacturing” as a research article 

in Journal of Electrochemical Society. Chen, Y.-T.; Tan, D. H. S.; Ham, S. Y.; Sayahpour, B.; Lee, 

J. B.; Kim, Y.; Song, M. S.; Nguyen, L. H. B.; Oh, J. A. S.; Ridley, P.; Cronk, A.; Deysher, G.; Jang, 

J.; Chen, Z.; Meng, Y. S. 2023, 170, 080521. The dissertation author was the first author of this 

paper, all authors contributed to this work. 
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Chapter 5. Enabling Uniform and Accurate Control of Cycling Pressure for All-Solid-State 

Batteries 

5.1 Introduction 

All-solid-state batteries (ASSBs) are hailed as one of the next generation storage 

technologies and tremendous efforts have been invested to their development. As solid-state 

electrolytes (SSEs) are employed to replace liquid electrolytes in conventional Li batteries, ASSBs 

exhibit reduced flammability and leakage issues.1-4 Moreover, anodes with high energy density, 

such as pure Si,5-6 have been reported to achieve long cycle life in ASSBs, but is challenging in 

liquid electrolytes as Si will suffer from pulverization during cycling resulting in continuous solid 

electrolyte interphase (SEI) formation.7-11 Despite the advantages, there are many engineering 

challenges for ASSBs stemming from solid-solid contacts on interfaces.12 The inability to flow and 

infiltrate into voids in electrode is a double-edged sword: it limits the SEI formation but volumetric 

changes in electrode can potentially cause detachment of electrode material – SSE interfaces.13-

14 As such, pressure becomes a crucial factor to maintain intimate interfacial contact and ensure 

the performance of ASSBs – not only in cell fabrication, but also during cell cycling. 

Pellet type ASSBs are usually employed in research labs for electrochemical tests. A 

polymer die and a pair of metal plungers are employed to contain and apply fabrication pressure 

to pelletize the materials. During electrochemical tests, a cell holder consisting of bolts, nuts and 

plates is required to apply cycling pressure and the metal plungers serve as current collectors 

(Figure 5.1a). As most inorganic SSEs are brittle, SSE layers typically have a high thickness of 

approximately 500 µm to guarantee a sufficient strength to support the cells mechanically. This 

reduces the energy density of ASSBs, as SSE layers do not store energy.15-18 Moreover, due to 

the friction at the die walls during uniaxial compaction, it is challenging to achieve a uniform 

density distribution throughout the whole pellet, and this may negatively affect their 

electrochemical performance. Having thinner layer thickness, larger electrode area, and do not 
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require polymer dies, pouch cells not only exhibit significantly higher energy density, but also 

achieve better density distribution after calendering (Figure 5.1b). As the wrapping materials of 

pouch cells are flexible, isostatic pressure can be applied to further improve the density uniformity, 

which has been well-demonstrated in the literature.19-20 

Although multiple groups have claimed to demonstrate solid-state pouch cells in the 

literature, many adulterate excess amount of polymer binders, Li salts, and even solvents to boost 

the performance. These defeat the safety feature of ASSBs. Nevertheless, several all-solid-state 

pouch cells (ASSPC) with more than 3 mAh cm-2 employing only inorganic SSE (with low amount 

of binders) were reported (Table 5.1). Most pouch cells had areal capacities more than 3 mAh 

cm-2, which is similar to or more than that in commercial Li batteries. Nevertheless, many cells 

were tested at C-rates lower than 0.1 C, and elevated temperature was required to realize higher 

C-rates and areal capacities. As SSEs do not flow and conform to the shape of electrode materials 

like liquid electrolytes, a pressure must be applied to ASSBs to ensure intimate interfacial contact, 

both in fabrication and during cycling.12, 20-21 Most articles report only fabrication pressure, typically 

300 to 500 MPa, without mentioning cycling pressure. However, cycling pressure is a more 

important metric for commercialization, as high cycling pressure will vastly increase the dead 

weight of the system and detriment the module energy density. Since a low cycling pressure 

usually reduces the interfacial contact, and thus results in worse electrochemical performance of 

ASSBs, it is critical to design cell holders that provide uniform cycling pressure. 

Pouch cell holders consisting of bolts, nuts, and rigid plates are employed in most articles 

to apply uniaxial pressure to pouch cells (Figure 5.1c). Some may attach bearings between 

moving plates and bolts to ensure smooth movement and parallelism. However, several studies 

have observed that the cycling pressure of ASSBs changes during cell cycling due to the volume 

change of electrode materials.22-23 For example, Si undergoes 300% of volume expansion and 

the thickness of Li metal anodes increases approximately 5 µm when each mAh cm-2 is plated.24 
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This may negatively affect their electrochemical performance, especially when pressure sensitive 

materials, such as Li metal, are used. To address this problem, Ham et al incorporate springs into 

the cell holders to accommodate cycling volume change. Such a design successfully reduced the 

cycling volume change of a LiNi0.8Co0.1Mn0.1O2 (NCM811) | Li cell from 2 MPa to less than 0.5 

MPa, and thus doubled its critical current density.23 Thus, an improved uniaxial pouch cell holder 

(UPCH) design containing springs and rubber gaskets was also proposed (Figure 5.1d).16 

Nevertheless, rubber and springs may be susceptible to material fatigue and the applied force 

would decrease over time. It is noteworthy that the cell pressure may also change if the ambient 

temperature fluctuates, since the thermal expansion coefficients of pouch cells and bolts are 

different. As such, pressure regulation systems are required to ensure the stability of cell cycling. 

Unfortunately, regulating the pressure accurately by turning the bolts is challenging, as the motors 

need to overcome large friction under high pressure load, and extra efforts are needed to 

synchronize the torque all bolts in one cell holder. To tackle this issue, fluids, including gases and 

liquids, can potentially be utilized as pressurizing media to apply isostatic cycling pressure. Gases 

can be used when light weight, low cost, or low X-ray absorption (e.g., in-situ cell characterization 

application) are addressed, and liquids can be employed when pressure load and heat dissipation 

are demanding. Instead of bolts and nuts, an isostatic pouch cell holder (IPCH) requires a 

chamber and gaskets to contain the pressurizing fluid and ASSPCs. A valve is installed to fill or 

evacuate the fluid, and a wire fit-through is implemented to electrically connect ASSPCs inside 

the chamber (Figure 5.1e). As fluids are significantly more compressible and conforming than 

solids, IPCHs can easily accommodate cell volume change during cycling. Moreover, the 

pressure regulating systems of pressurized fluids and gases are mature and widely available, and 

thus maintaining a constant cycling pressure in IPCHs for an extended period of time can be 

easily achieved, even in an environment with large temperature fluctuation. To verify our 

perspective, three cell holders were assembled. 
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Figure 5.1. The structure of (a) a plunger cell clamped in a cell holder, and (b) a multilayer pouch cell. The 
schematic of (c) a bare UPCH with simple metal plates, (d) an improved UPCH with springs and rubber 
gaskets, and (e) an IPCH.  
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Table 5.1. The formats and the cycling conditions of ASSPC reported in the literature.  

 

 

5.2 Materials and Methods 

5.2.1 Fabrication of Electrolytes and SSE Separators 

Dry-processed LiNi0.8Co0.1Mn0.1O2 (NCM811, LG Energy Solution) cathode composite, 

dry-processed Li6PS5Cl (LPSCl, NEI Corporation) SSE separator and slurry-processed Si anode 

were employed in ASSPCs. To fabricate NCM811 cathode composite, NCM811, LPSCl, vapor 

grown carbon fiber (VGCF, Sigma-Aldrich) and polytetrafluoroethylene (PTFE) were mixed in a 

mortar and a pestle at a weight ratio of 66 : 31 : 3 : 0.1 until a dough formed. The dough was then 

transferred to a hot roller set at 60°C(TMAXCN) to fabricate films following the protocol described 

in the previous article.31 Shear force was applied during mixing and rolling to fibrillate PTFE and 

strengthen the films.31-34 A similar procedure was applied to fabricate LPSCl SSE separator, with 

a weight ratio of LPSCl : PTFE = 99.9 : 0.1. To prepare µ-Si electrodes, 99.9 wt% µ-Si 
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(Thermofisher) powder and 0.1 wt% PVDF binder was dispersed in N-Methyl-2-Pyrrolidone (NMP) 

solvent using a Thinky mixer to create a slurry. The slurry is casted on a piece of 10 µm copper 

foil current collector using a doctor blade on an automatic film coater. The electrode was vacuum 

dried at 80oC overnight to remove the solvent. The dried electrode is then punched into suitable 

shapes to be used for ASSPC fabrication. 

5.2.2 Fabrication of ASSPCs 

Two pouch cell formats were used in this study: two-electrode, three-electrode 

electrochemical characterization cells, and bilayer cells. Cathode composite films with a 

dimension of 15 mm x 35 mm x 160 µm (resulted in an areal loading of 4 mAh cm-2), SSE 

separators with a dimension of 20 mm x 50 x mm 300 µm, and Si anode with NP ratio of 1.2 and 

a dimension of 18 mm x 40 mm were selected for two-electrode electrochemical characterization 

cells. The area of cathode composite films was the smallest, as it was selected as capacity limiting 

component, and SSE separators were the largest to electronically separate cathodes and anodes. 

To assemble an electrochemical characterization cell, Cu, Si, LPSCl, NCM811 cathode composite 

and Al were stacked from button to top and secured with Kapton tape. An Al tab was welded to 

the Al current collector as the positive terminal, and a Ni tab to the Cu current collector as the 

negative terminal (both terminals are 4 mm in width). The whole stack was then vacuum sealed 

in the Al laminated film and calendered using a cold isostatic press (MTI Corporation). To 

understand the effect of calender pressure on the electrochemical performance, ASSPCs 

calendered at 150, 350 and 500 MPa with three-minute hold time were cycled and characterized 

(Figure 5.2 and 5.3). All cells successfully accomplished 100 cycles (Figure 5.2a-c). The ASSPCs 

used in fabrication study were cycled at ambient temperature, resulting in fluctuated Coulombic 

efficiency and capacity retention. Higher capacity retention was obtained as the fabrication 

pressure increased, as it increases interfacial contacts. The P-FIB / SEM cross-sectional images 

(Figure 5.3) of cathode composite calendered at different fabrication pressures were segmented 
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to identify the porosity (Figure 5.2d-f), and the porosity decreased as the fabrication increased. 

The EIS at the first and the thirtieth cycle also exhibited decreased cell impedance at higher 

fabrication pressure, explaining the capacity retention results. 

 

Figure 5.2. The capacity retention and Coulombic efficiency of pouch cells fabricated using (a) 150 MPa, 
(b) 350 MPa and (c) 500 MPa. The segmented FIB cross section images and porosities are shown in (d) 
to (f). The EIS of their (g) 1st cycle and (h) 30th cycle were measured. 

 

 

Figure 5.3. The P-FIB cross section of NCM811 cathode composite calendered at (a) 150 MPa, (b) 350 
MPa and (c) 500 MPa. 

500 MPa was selected to calendar the ASSPCs to study the effect of cycling pressure, as 

it was the largest pressure that the equipment could provide and yielded the best electrochemical 

performance. After calendering, cycling pressures were applied to ASSPCs using UPCHs and 

IPCHs. A torque wrench was used to control the cycling pressure of UPCHs, and a high-pressure 

air compressor was used to apply cycling pressure for IPCHs. To fabricate three-electrode 
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electrochemical characterization cells, the horizontal dimensions of cathodes and anodes were 

reduced to 10 mm × 35 mm and 12 mm × 40 mm. Two pieces of Li metal (20 µm thick) were 

placed next to the cathode and anode, and on both sides of the SSE separator (Figure 5.4a).35 

The cells were calendered at 150 MPa with minimal hold time to prevent excessive Li-creeping. 

The rest of the fabrication steps were identical to those of two-electrode electrochemical 

characterization cells. Cathode composite films with a dimension of 30 mm x 35 mm x 200 µm 

(resulted in an areal loading of 5 mAh cm-2), SSE separators with a thickness of 35 mm x 40 mm 

300 µm, and Si anode with NP ratio of 1.2 and a dimension of 35 mm x 37 mm were selected for 

bilayer cells. They were stacked in a sequence of Cu, Si, LPSCl, NCM811 cathode composite, Al, 

NCM811 cathode composite, LPSCl, Si, and Cu. The rest of the fabrication steps were identical 

to those of electrochemical characterization cells. 
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Figure 5.4. (a) The schematic of the structure and (b) a digital image of a three-electrode ASSPC. (c) The 
Nyquist plots of cathode – Li, anode – Li and full cell (anode – cathode) EIS at 50% state of charge in 11th 
discharge. (d) The voltage profiles of cathode – Li, anode – Li and full cell in 12th discharge. 

5.2.3 Galvanostatic Cycling and Electrochemical Impedance Spectroscopy (EIS) of 

ASSPCs 

Neware A211-BTS-4S-1U-100mA-124 battery cyclers and a Biologic VSP-300 were 

employed for galvanostatic cycling and EIS measurements. A voltage cutoff of 2 to 4.3 V was 

selected for NCM811 | Si system.5 As Li diffusivity in pure Si can be improved only after lithiation5, 

an activation cycle was introduced in all testing protocols. In the activation cycle, ASSPCs were 

cycled at 0.05 C for 5 hours, and then completed the whole cycle at 0.1 C. 5 MPa was applied in 

the activation cycle and reduced to target pressures afterwards. To obtain accurate cycling data, 

all ASSPCs were cycled in an oven set at 30°C to study the effect of cycling pressure. The rate 

capability test was conducted by running the ASSPCs at 0.1, 0.2, 0.3, 0.4, 0.5, 0.7, 1 and 0.1 C 
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and each C-rate for 3 cycles under 5 to 1 MPa. In the long-term cycling test, ASSPCs were cycled 

at 0.2 C and a constant voltage step till 0.05 C was applied at the end of charging. The ASSPCs 

were run till 100 cycles and EIS was obtained in the first and one hundredth cycle at state of 

charge of 50% during discharging. Z-View software was used to analyze EIS results. The three-

electrode ASSPC was cycled at 30°C using a Neware A211-BTS-4S-1U-100mA-124 battery 

cycler for 10 cycles and its EIS was obtained at the ambient temperature in the 11th cycle at state 

of charge of 50% during discharging using Biologic VSP-300. NCM811 cathode, Si anode and Li 

metal electrode were connected to working, counter and reference electrodes. Afterwards, the 

three-electrode ASSPC was cycled using Biologic VSP-300 at ambient temperature to record the 

voltage profiles of cathode – Li, anode – Li and full cell. The bilayer ASSPC was cycled at 0.1 C 

and a constant voltage step till 0.05 C was applied at the end of charging.  

5.2.4 Characterization and Image Processing 

A Helios G4 PFIB UXe DualBeam plasma focused ion beam / scanning electron 

microscope (P-FIB / SEM) with a xenon source was used to obtain the cross section of ASSPCs. 

After the ASSPCs were calendered, they were disassembled, and their cathode composites were 

attached to SEM stubs and sealed in an Ar-filled glovebox. The stubs were then transferred to P-

FIB / SEM within 30 seconds of air exposure. Sample milling was conducted at 30 kV with a 2.5 

µA current. Afterwards, a lower current (500 and 60 nA) was used to polish the cross-section. 

Electron imaging was conducted at 5 kV and 4 nA beam conditions. To segment the P-FIB / SEM 

images, they were imported into the Trainable Weka Segmentation Fiji module36 to identify 

NMC811, LPSCl and pores. The segmentation relies on machine-learning algorithms that are 

manually trained by the user with the input images. The phase ratios were then computed in 

MATLAB. The images of pressure paper were also processed. Based on pictures of the pressure 

papers, the results were re-scaled in MATLAB using the ratio between the red color and the green 

and blue colors for each pixel in the jpg files. 
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5.2 Results and Discussion 

The digital images of the bare UPCH and improved UPCH with springs and rubber gaskets 

are presented in Figure 5.5. To observe the pressure distribution, a pressure paper was placed 

in each cell holder. Upon receiving a pressure higher than its threshold, the pressure paper would 

turn red, and their digital images were taken (Figure 5.6a,b). To better visualize the pressure 

distribution, the digital images were converted to color gradient charts. When torquing the bare 

UPCH, a torque wrench was used to torque all four nuts sequentially and the torque value was 

gradually increased in each rotation to the target value to ensure parallelism of the metal plates. 

Nevertheless, an inhomogeneous pressure distribution was observed for the uniaxial set-up 

(Figure 5.7a). When a rigid surface (such as bare metal) is used to apply a uniaxial pressure, 

areas that are out of contact (e.g. the edges of ASSPCs or imperfect surface flatness of the metal 

plates forming concave regions) will receive a lower or no pressure. The pressure will concentrate 

on the rest of the area, resulting in over-pressurization (Figure 5.7b). These problems were 

mitigated with the improved UPCH, as rubber gaskets were able to conform to the shape of the 

metal plates and the ASSPC. Nevertheless, a uniform pressure distribution was still not observed 

(Figure 5.7c), as degree of deformation of the rubber gaskets was lower at the areas with larger 

gaps, resulting in lower pressure (Figure 5.7d). 
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Figure 5.5. The digital images of (a) a bare UPCH with only bolts and nuts, and (b) an improved UPCH 
with springs and rubber gaskets. 

 

 

Figure 5.6. The digital image of pressure paper reflecting the pressure distribution of (a) a bare UPCH with 
metal surface, (b) an improved UPCH with rubber gaskets and springs, and (c) an IPCH. 

 



 
 

134 
 
 

 

Figure 5.7. The experimental pressure paper observation and the schematics of the force distribution on 
the sealing edges of ASSPCs when (a,b) uniaxial pressure is applied by rigid metal surfaces with a bare 
UPCH, (c,d) uniaxial pressure is applied by soft rubber gaskets with an improved UPCH, and (e,f) isostatic 
pressure is applied by fluids with an IPCH, respectively. (g) The voltage profiles of 2nd cycle and (h) the 
reversible discharge capacity of ASSPCs when uniaxial and isostatic pressures were applied. 

To further improve the uniformity of cycling pressure, IPCHs were designed, and their 

digital image and the schematic figure are presented in Figure 5.8. The structure of an IPCH 

consists of a sealed chamber to confine the pressurized fluid and accommodate the ASSPC, a 

pressure gauge to monitor the chamber pressure, a wire fit-through to enable cycling of the 

ASSPC sealed in its chamber, and a ball valve able to connect to an air compressor to pressurize, 

or depressurize the compressed air. Air was selected as pressurizing medium in this study 

because of availability and low cost. Pressure paper was vacuum sealed into a pouch bag, 

pressurized with an IPCH and the pressure distribution is presented in Figure 5.7e (the original 

image is shown in Figure 5.6c). A uniform pressure distribution was observed (Figure 5.7f). This 

can be explained by Pascal’s principle, which states that a change in pressure applied at any 

point in the confined fluid at rest is transmitted undiminished throughout the fluid in all directions. 
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Figure 5.8. The schematic of the cross-sectional view and the digital image of an IPCH. 

To understand how pressure uniformity affect electrochemical performance, three 

NCM811 | Li6PS5Cl (LPSCl) | Si ASSPCs with a cathode size of 3.5 x 1.5 cm2 and an areal 

capacity of 4 mAh cm-2 were assembled, calendered at 500 MPa (this cell format was used for 

the rest of the article), pressurized with the three pouch cell holders, and cycled under 5 MPa at 

ambient temperature. The cycling pressure of the UPCH was estimated by the torque values of 

bolts and nuts, and that of IPCH was by observing the pressure gauge. Figure 5.7g shows voltage 

profiles of their first cycle. The cell became soft short during charging if uniaxial pressure was 

applied with rigid metal surfaces (bare IPCH), possibly due to the worst pressure uniformity 

causing inhomogeneous lithium flux in the system. The ASSPCs cycled with improved UPCH and 

IPCH successfully reached 100 cycles. As IPCH provides better pressure uniformity and less 

susceptible to structural fatigue (which might lead to cycling pressure drop over time), it exhibited 
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higher discharge capacity throughout 100 cycles and less capacity loss compared to those of 

improved UPCH. 

Other than superior electrochemical performance, IPCHs can possibly provide higher 

energy density than UPCH in the module level due to the reduced demand of the structural 

components. There are two physical limitations that IPCHs can avoid: limited number of cells in 

a cell stack (Figure 5.9a), and flex of the pressurizing plates. When a UPCH is used (Figure 5.9b), 

pressure is transmitted through other ASSPCs. As such, all ASSPCs, including all layers inside 

pouches, must be perfectly aligned, which becomes more challenging and costly as the number 

of cells in one stack increases. The plates must also be sufficiently thick to resist deformation, 

which may result in applying higher pressure to the edges and lower pressure to the centers of 

ASSPCs (Figure 5.9c). As fluid is employed as pressurizing media in an IPCH, pressure is 

identically applied to all points in all directions. Hence, deformation of the vessel wall and 

arrangement of ASSPCs will not affect the pressure uniformity. As a result, thinner walls can be 

used in IPCHs to reduce module weight. The estimated required weights of UPCHs and IPCHs 

using different metal alloys with a pressure rating from 1 to 10 MPa are presented in Figure 5.10. 

IPCHs are all hypothetically lighter than UPCHs. The IPCHs can be lighter if polymers and 

composite materials (which often exhibit high tensile strength but low Young’s modulus) are 

employed. Implementing ASSPC formats with higher energy density, such as jerry roll and Z-

stacking, gives IPCH further edges, as there is fewer shape limitations for isostatic press. 
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Figure 5.9. The schematic illustrating (a) a cell stack (the labelled dimension is used for energy density 
calculation in Figure 5.9), (b) a cell stack in a cylindrical UPCH, (c) bending of a UPCH plate when its 
thickness is insufficient, and (d) a cell stack in an IPCH. The dimension of the cell stack used to calculate 
the weight of pouch cell holders is 20 x 10 x 10 cm3. 
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Figure 5.10. The weight – pressure rating plots of UPCHs and IPCHs. (a) 304 Steel, (b) 7075 Al alloy, and 
(c) Ti-6Al-4V Ti alloys are selected, as they have different density, yield strength and Young’s modulus. 

Taking advantage of accurate pressure control and uniform pressure distribution, the 

effect of cycling pressure of the IPCHs were further evaluated at 30°C to avoid the fluctuation of 

ambient temperature. It is worthy to note that the ASSPCs were activated at the first cycle at 5 

MPa, and reduced to the target cycling pressures, from 5 MPa to 1 MPa (Figure 5.11a). At 0.1 C, 

cells cycled at all pressures except 1 MPa exhibited a similar discharge capacity of approximately 

160 mAh g-1, and the slight difference was due to batch variance of cathode composites. 2 MPa 

was the minimum required cycling pressure to keep a good interfacial contact in ASSPCs 

assembled in this study. The effect of cycling pressure became evident after the C-rate is above 

0.3 C. At 1 C, the polarization of the cell grew so drastically that only 30 mAh g-1 could be obtained 

with a cycling pressure of 5 MPa. Nevertheless, ASSPCs cycled above 2 MPa regained most of 

their discharge capacities when the C-rate decreased back to 0.1 C. Three cycling pressures, 5, 

3 and 2 MPa, were selected to conduct the long cycle test (Figure 5.11b-c), and they were tested 

at 0.2 C, since the current is moderate to distinguish the effect of cycling pressure to capacity 

retention while not vastly deteriorate the discharge capacities according to the rate capability test. 

As the cycling pressure decreased, it took more cycles for the Coulombic efficiency to reach close 

to 100%, and the initial discharge capacity decreased from 149.7 mAh g-1 at 5 MPa to 135.37 

mAh g-1 at 2 MPa. The capacity retention after 100 cycles also deteriorated from 77.8% at 5 MPa 
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to 47.7% at 2 MPa, due to loss of interface contact. As electrode materials underwent repetitive 

volume change, it is crucial to apply pressure to maintain physical contact between SSE and 

electrode materials, and a higher pressure does better to support intimate interfacial contact. 

 

Figure 5.11. (a) Rate capability test of pouch cells with different operational pressure. (b) The capacity 
retention and Coulombic efficiency plots of pouch cells fabricated at 500 MPa and cycled at 5 MPa, 3 MPa 
and 2 MPa. (c) The EIS fitting results of the pouch cells measured after 1st and 100th cycle at 50% state of 
charge. 

The electrochemical impedance spectroscopy (EIS) of first and one hundredth cycle of the 

three ASSPC (Figure 5.12, Table 5.2) were fitted (Figure 5.11c). Four components, the bulk, grain 

boundary interfaces of SSE, anode, and cathode, were used in the model.37-39 The interfaces at 

cathode and anode were combined in the first cycle, as their time constants were either highly 

overlapped or were not able to be deconvoluted. All ASSPCs exhibited very similar SSE 

impedance values at different cycling pressures and cycle numbers, indicating that SSE separator 
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layers were stable during cycling and not sensitive to cycling pressure. After 100 cycles, an extra 

semicircle appeared. To determine the origin of the semicircle, a three-electrode ASSPC was 

tested. 

 

Figure 5.12. The Nyquist plots of pouch cells fabricated at 500 MPa and cycled at 5 MPa, 3 MPa and 2 
MPa using IPCHs. The EIS of the pouch cells were measured in (a) the first and (b) the one hundredth 
cycle at the state of charge of 50%. 

 

Table 5.2. The EIS fitted results of ASSPCs presented in Figure 5.12a. 

Cycling Pressure Cycle Number Bulk Interface Cathode Anode 

5 MPa 1st 2.75 1.428 18.27 

100th 3.022 0.97127 12.01 76.09 

3 MPa 1st 2.609 2.462 23.92 

100th 3.697 2.391 21.06 160.1 

2 MPa 1st 2.575 3.182 23.25 

100th 4.05 4.16 21.5 151.4 

 



 
 

141 
 
 

The schematic of the structure and the digital image of a three-electrode ASSPC are 

shown in Figure 5.4a and b. The working, counter and reference electrodes are NCM811 cathode, 

Si anode and Li metal (20 µm), respectively. After 10 cycles, the Nyquist plots (Figure 5.4c) 

indicated that cathode contributed much more than anode to the impedance. And thus, the smaller 

semicircle was assigned to anode. To further prove that the small anode impedance did not 

originate from short-circuiting between anode and reference electrodes, the discharge profiles of 

cathode, anode and full cell were recorded (Figure 5.4d). The anode voltage was over 250 mV 

throughout the whole discharge. The success of three-electrode ASSPC also highlighted the 

ability of IPCH to apply uniform pressure to uneven surfaces, as the thickness of Li, Si and 

NCM811 electrodes were not identical. When the cycling pressure decreased from 5 to 3 and 2 

MPa, both cathode and anode impedance approximately doubled. Since the difference in the set-

ups is operational pressure, this indicates that lower pressure IPCHs suffer from more loss in the 

physical contacts and such loss accumulate as it cycles. Consequently, it leads to increased 

polarization and more capacity fading. 

In daily use, isostatic ASSPC modules may need to be depressurized during idling from 

time to time, and the effect of depressurizing to electrochemical performance needs to be 

evaluated. To probe the impedance evolution of ASSPCs under pressure change when it is not 

operational, an ASSPC experiencing 100 cycles was subjected to pressure decrease from 5 to 1 

MPa, back to 5 MPa, and at last re-calendered at 500 MPa (the detailed procedure is described 

in Figure 5.13). 
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Figure 5.13. A schematic showing the pressurizing process of Figure 5.14a. 
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Figure 5.14. (a) The EIS results of the ASSPC cycled at 5 MPa after 100 cycles, decreased the pressure 
to 1 MPa, resume to 5 MPa, and then re-calendered at 500 MPa. (b) the capacity retention and CE of the 
pouch cell cycled at 5 MPa before and after re-calendering. (c) The average discharge capacity of the 
pouch cell having rate test at 1 MPa, re-calendering at 500 MPa, and having another rate test at 5 MPa. (d) 
Schematic of the evolution of the contact loss between SSE and cathode when insufficient pressure is 
applied and could not restore to their original state even the pressure is back to the initial value (red circles 
label the friction spots and green circles label the gaps). A much higher pressure must be applied to restore 
the contact between particles. 

The EIS results are presented in Figure 5.14a, Figure 5.15 and Table 5.3. 
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Figure 5.15. Decreasing the applied pressure from 5 to 1 MPa and then resume to 5 MPa of a pouch cell 
cycled at 5 MPa after 100 cycles. After the measurement, a fabrication pressure of 500 MPa was reapplied 
to the pouch cell and the EIS was measured at 5 MPa. 

 

Table 5.3. The EIS fitted results of ASSPCs fabricated at 500 MPa and cycled at 5 MPa, 3 MPa and 2 MPa. 

ASSPC States Applied pressure Bulk Interface Cathode Anode 

1st cycle 5 MPa 2.75 1.428 18.27 

100th cycle 5 MPa 3.022 0.97127 12.01 76.09 

4 MPa 3.574 1.21 18.93 120 

3 MPa 3.963 1.466 22.55 144.4 

2 MPa 4.199 1.755 24.2 160.8 

1 MPa 4.699 2.221 30.14 175.7 

Resume 5 MPa 3.758 1.321 21.86 129.5 

500 MPa press 5 MPa 2.545 1.214 7.662 43.39 
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As the pressure decreased, the impedance of the cell gradually increased. While the 

impedance of the SSE separator layer increased at a slower rate to 1.7 times, both the interfacial 

impedance at the anode and the cathode became approximately 2.5 times when the pressure 

decreased from 5 MPa to 1 MPa. The impedance of the ASSPC could not be restored even if the 

pressure resumed 5 MPa. The ASSPC cell impedance was significantly smaller than the initial 

state after 100 cycles but larger than in the first cycle after re-calendering. The re-calendered 

ASSPC was cycled again, its discharge capacity was also partially restored from 116.5 mAh g-1 

in one hundredth cycle to 141.2 mAh g-1 in one hundred and first cycle (Figure 5.14b). To further 

understand the effect of re-calendering, the ASSPC undergoing rate capability test at 1 MPa was 

re-calendered and cycled again at 5 MPa, and the performance was also almost fully restored, 

similar to the ASSPC cycled at 5 MPa from the beginning (Figure 5.14c and Figure 5.16). 

Schematics using cathode composite as an example illustrating the impedance evolution are 

shown in Figure 5.14d. When the applied pressure decreases, both SSE and cathode particles 

could undergo elastic deformation and partially expand to their low-pressure state. This creates 

larger gaps, resulting in worse interfacial contact, and thus increases the cell impedance. As the 

friction between particles needs to be overcome to eliminate the gaps, it requires a larger pressure 

(re-calender) to reform the physical contact. It is worthy to note that the impedance could not be 

fully restored, as SEI and cathode electrolyte interface (CEI) had formed after a long cycle.40  
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Figure 5.16. The rate capability test of an ASSPC cycled at 1 MPa, re-pressurized at 500 MPa and then 
tested again at 5 MPa. A similar rate capability as an ASSPC cycling at 5 MPa from the beginning was 
obtained. 

To validate the feasibility of multi-layer pouch, a bilayer ASSPC (Cu | Si | SSE | NCM811 | 

Al | NCM811 | SSE | Si | Cu) with a total cathode area of 21 cm2 and an areal theoretical capacity 

of approximately 5 mAh cm-2 (which led to a total theoretical capacity of over 100 mAh) was 

assembled, and cycled under 5 MPa at 30°C, 0.1 C. The FIB-SEM cross sectional images and 

the details of the cell format are shown in Figure 5.17a. The bilayer ASSPC exhibited an initial 

Coulombic efficiency of 76.9% and discharge capacity of 173.6 mAh g-1 (88.1 mAh) which is close 

to the single layer pouch cell indicating they have similar material utilization. After 100 cycles, a 

discharge capacity of 145 mAh g-1 was still retained (Figure 5.17b-c). To examine the power 

capability of the bilayer ASSPC, it was used to power an incandescent light with a rating of 2.5 V 

and 300 mA (Figure 5.17d), highlighting its ability to be operated at 3 C (Figure 5.17d). Although 
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the IPCH design might look bulky, its energy density can be further boosted by accommodating 

multiple ASSPCs in its chamber and improved module design. 

 

Figure 5.17. (a) The schematic and the P-FIB SEM cross section illustrating the bilayer pouch cell 
configuration. The (b) voltage profiles at different cycle numbers and (c) capacity retention of the 3 x 3.5 
cm2 bilayer ASSPC. (d) A bilayer ASSPC powering an incandescent light bulb with an input rating of 2.5 V 
– 300 mA at 5 MPa of cycling isostatic press. 

5.3 Conclusion 

As cycling pressure is required to maintain good interfacial contacts between different 

components in ASSBs, it is important to develop a pressurization system that enables uniform 

and accurate pressure to boost the electrochemical performance of ASSBs. In this study, we 

developed IPCHs that employed compressed air to apply a more homogenously distributed 

pressure than that of UPCHs with rigid metal surfaces or flexible rubber gaskets. As fluids do not 

suffer from material fatigue like many solid elastic materials, the IPCH showed a better capacity 

retention of an ASSPC than that of a UPCH was obtained over 100 cycles, crediting to a stable 

pressurization. The minimum required cycling pressure to cycle NCM811 | LPSCl | Si ASSPCs 
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was found to be as low as 2 MPa to deliver acceptable electrochemical performances, even at 1 

C. However, a higher pressure is still preferred to maintain the intimate contact during long-term 

cycling. A bilayer ASSPC with a practical capacity of approximately 88.1 mAh was assembled, 

cycled in an IPCH at 0.1 C for 50 cycles. Moreover, the cell was capable of discharging at a rate 

of 3 C (300 mA) powering an incandescent light bulb. The concept of isostatic pressurization in 

this study not only provides a uniform and accurate pressurizing method to study the pressure 

effects on ASSPCs, but also endeavors on commercialization of ASSBs. 

Chapter 5, in full, is a reprint of the material in preparation “Enabling uniform and accurate 

control of cycling pressure for all-solid-state batteries”. Chen, Y.-T.; Ham, S. Y.; Yang, J.; Lee, D. 

J.; Vicencio, M.; Lee, J. B.; Tan, D. H. S.; Chouchane, M.; Cronk, A.; Song, M. S.; Yin, Y. J.; Qian, 

J. T.; Oh, J. A. S.; Jang, J.; Chen, Z.; Meng, Y. S. The dissertation author was the first author of 

this papers, all authors contributed to this work. 
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Chapter 6. Summary and Perspectives 

In this thesis, we have covered material selection and cell engineering for scalable 

manufacturing of ASSBs. To obtain high quality slurry-processed films, slurries with suitable 

rheological is requisite. Three of the manufacturing parameters, liquid to solid ratio, binder ratio 

and cosolvent ratio, that affect the rheological properties were selected for the study and machine 

learning was employed to analyze the collected dataset. On top of ionic conductivity, film 

uniformity was found to be another crucial factor to determine the film quality. Guided by machine 

learning, a film selected from the group with both good ionic conductivity and uniformity was 

assembled into a film cell and survived 100 cycles, while the other film with good ionic conductivity 

but low uniformity became short circuit very soon. Other than manufacturing techniques, material 

selection addressing dry room adaptability is another essential factor for scalable manufacturing. 

As LPSCl and chloride SSEs exhibit desirable ionic conductivity, synthesis cost and mechanical 

properties for ASSB fabrication, they were selected to evaluate their chemical stability in the dry 

room environment. Both types of SSEs undergo hydrolysis and hydration reactions when exposed 

to moisture. The hydrolysis of LPSCl forms H2S, which results in sulfur loss, and decomposes into 

LiCl, Li3PO4 and Li2S, while Hydrated LPSCl can be partially recovered with formation of little 

oxysulfide species. Depending on the metal center, chloride SSEs undergo different degrees of 

hydration and hydrolysis. LZC fully hydrolyzes and form ZrO2 and LiCl upon exposure; LYC forms 

hydrate during exposure but fully hydrolyzes to form YOCl and LiCl when heated; LIC forms 

hydrate but is fully recoverable after heating. When exposed to dry room environment, LPSCl 

preserved ionic conductivity at least two times better than chloride SSEs and fully maintain its 

electrochemical performance in NCM811 | LiIn test, while chloride SSEs show significantly 

decreased capacity retention. Hence, LPSCl is more dry room adaptable, and surface protective 

measures may be required for chloride SSEs. Lastly, all techniques and experiences were 

integrated into pouch cell fabrication. IPCHs with the ability to provide stable and uniform pressure 
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are designed. It is also easy to control the pressure accurately and achieve higher energy module 

energy density with such design. ASSPCs were tested and compared using IPCHs and UPCHs 

and IPCHs exhibited superior capacity utilization and retention. To demonstrate the potential of 

IPCHs in ASSB research, ASSPCs were cycled at pressures ranging from 1 to 5 MPa. The rate 

capability and capacity retention were found to increase with cycling pressure due to better 

interfacial contact at higher cycling pressure. A bilayer ASSPC with a total capacity of 100 mAh 

was assembled and achieved 100 cycles at a C rate of 0.1 C under 30°C. It also lit up an 

incandescent light bulb rated 2.5 V and 300 mA. 

Despite all the achievements, there are several essential issues that need to be addressed 

on the way of commercialization of ASSBs: 

1. Increasing the active material loading and initial Coulombic efficiency of cathode composites. 

All cathode composites shown in this thesis exhibited mediocre initial Coulombic efficiency 

of less than 80%, and a low active material ratio of 66%. These influence the practical energy 

density of ASSBs. There are few feasible ways to optimize the cathode composite: optimizing 

the particle size of SSEs, utilizing SSEs with better oxidation stability and ionic conductivity, 

such as newly developed oxychloride SSEs1-2; employing single crystal cathode material to 

mitigate ionic transport bottle neck. 

2. Developing binders that are mechanically strong and stable against anodes. The slurry 

processed SSE separators exhibited weak mechanical strength and are not suitable for 

forming free standing films. Although the issue of being mechanically weak can be addressed 

by adapting dry process, PTFE used in dry process exhibits inferior reduction stability and 

will form electrochemical conductive side products that result in short circuit of the cell. As 

such, an extremely low PTFE ratio of less than 0.2% needs to be used, but once again results 
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in low mechanical strength. As the stacking process of pouch cells needs films with sufficient 

mechanical strength, it is urgent to develop new binders that meet the requirements. 

3. Investigating pressure distribution inside multilayer ASSPCs and pouch cell format 

facilitating pressure uniformity. To increase energy density, pouch wrapping materials should 

be minimized and multilayer stacking should be employed. When the thickness of ASSPCs 

increases, the pressure distribution on each layer may vary, especially layers locating in the 

middle. Uneven pressure distribution may deteriorate electrochemical performance. Hence, 

the limitations on maximum number of layers and cell formats that improve pressure 

uniformity needs to be investigated. 
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