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Abstract  

The development of safe, high-energy-density storage devices has driven significant 

advancements in the field of lithium-ion batteries (LIBs), with solid-state batteries (SSBs) 

emerging as a promising next-generation energy storage solution. However, the transition to 

solid-state electrolytes (SEs) introduces novel degradation mechanisms, both mechanical and 

electro/chemical modalities that need to be better understood before widespread adoption. Here, 

advanced characterization methods are explored that aim to help further the understanding of 

the complexity of SSB degradation.   

The X-ray computed tomography (XCT) based degradation studies here focus on Li | Li6PS5Cl 

| Li symmetric cells cycled under constant current conditions and track the propagation of 

cracks/voids. Early results highlighted that degradation has a strong dependence on cell design 

and manufacturing, demonstrating the necessity of informed structural considerations in 

producing representative electrochemical cells.   

To further investigate the impact of mechanical and chemical degradation, a correlated 

characterization approach is utilized where XCT is combined with X-ray diffraction computed 

tomography (XRD-CT). Correlated XCT and XRD-CT datasets shed more light on the novel 

degradation mechanisms, showcasing the impact of pre-cycling defects on the SE, and 

exemplify how strain leads to cracks that allow Li to penetrate the SE.   

Further advancements in degradation characterization are achieved through the integration of 

neutron computed tomography (NCT), another technique that is complementary to XCT. 

Because NCT is sensitive to Li, unlike XCT, a vital question can be answered: where is the Li 

metal plating during cycling and how does that contribute to degradation?   

The correlated imaging approach of studying SE degradation provides tremendous information 

about the early stages of defect nucleation, informing the design of future SSBs. This work 
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serves as a foundation for further development in high spatiotemporal resolution studies of SEs, 

addressing key challenges in understanding degradation pathways and guiding advancements 

in SSB design and optimization.  

 

Impact statement 

With the goal of reaching net zero making the priority list of many countries, the continued 

development of energy storage devices remains crucial for the effective utilization of 

renewable energy sources. Secondary batteries are critical for decarbonizing transportation and 

other portable devices, even finding use in grid-level storage. The introduction of solid-state 

batteries (SSBs) represents a pivotal step toward safer, higher-energy density storage systems. 

However, the adoption of SSBs is currently limited by the novel failure mechanisms within 

solid electrolytes (SEs), which directly impact battery reliability, manufacturability, and 

lifetime.  

This thesis explores the degradation of SSBs and develops methods of performing advanced 

characterization. The outcomes discussed here form a foundation for future SSB research by 

enabling earlier detection of degradation pathways, designing experiments to deconvolute 

degradation mechanisms, and providing more data towards accurate modelling of SSBs under 

operating conditions. Identifying defects in the earliest stages of degradation can also further 

inform SSB design, helping avoid failure mechanisms and ultimately work towards reducing 

the time and cost required to bring SSB technology to the market.  

Throughout their PhD, the author was involved in collaborations with UK institutes and 

international facilities, such as ISIS neutron and muon source, Institut Laue-Langevin (ILL), 

and the European Synchrotron (ESRF). These collaborations contribute to the output of high-

impact research and foster further collaboration in challenges that require significant teamwork 
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such as innovating energy storage. In addition to supporting collaborations aimed at advancing 

clean energy storage, the author actively engaged with community outreach to connect with a 

broad audience. For example, the author runs a scientific communication focused YouTube 

channel on X-ray physics and organized the STFC Early Career Researchers Conference on 

Energy Storage. Interaction with the public ensures visibility and accessibility of scientific 

research, encouraging participation in critical topics such as clean energy and net-zero. 

In conclusion, this thesis represents a significant advancement in SSB characterization, offering 

insights that inform future research and highlight critical challenges hindering the 

commercialization of innovative technologies like SSBs. Identifying and addressing these 

challenges are essential for achieving meaningful progress in sustainable energy storage 

solutions. 
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1  Introduction 

1.1  Motivation 

The necessity of electrification in the automotive sector is becoming an unavoidable reality. 

Global sales of electric passenger vehicles accounted for only 9% in 2021, but to stay on track 

for a global fleet with net-zero carbon emissions by 2050 this must increase drastically.1 The 

Electric Vehicle Outlook Report 2022 from BloombergNEF states that zero-emission 

passenger vehicles will have to account for 61% of the global sales by 2030, 93% by 2035, and 

100% by 2038 to reach net-zero carbon emissions by 2050.1  

Global production of lithium-ion batteries (LIBs) has grown from 242 GWh in 2020 to 411 

GWh in 2021.2 This is estimated to grow to 1160 GWh by 2026 and 2.7 TWh by 2030.2 

Methods for facilitating rapid growth in production include streamlining LIB manufacturing 

and utilizing earth abundant materials for their design. 

To substantially increase the sales of electric vehicles (EVs), innovations in the production and 

performance of EVs must advance as well. Some potential hurdles for the adoption of EVs 

include range anxiety from consumers, long charging times, and concerns about safety. Tesla 

currently estimates a range of 652 km on their Model S which is comparable to the range of 

the petrol fuelled 2022 Toyota Camry at about 662 km.3,4  

This may alleviate some of the range anxiety, however, when one compares the nearly 

instantaneous refuelling of the internal combustion engine (ICE) to the charge time of EVs a 

further hurdle for adoption is evident. To charge the 100 KWh Model S from 20% state of 

charge (SOC) to 100% SOC on a conventional public charging station takes upwards of 8 hours, 

while the public fast charging options pushes this to around 40 mins.5  

Another factor to consider is perceived safety of EVs. News stations in 2018 highlighted many 

EV fires even though they are far outweighed by ICE fires.6,7 Incidents continue to make 
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headlines today, bringing the safety of LIBs into question for consumers and thus hindering 

the movement towards full electrification of the global fleet.   

A promising next generation energy storage technology is the solid-state lithium battery (SSB), 

which has the potential to address concerns in energy density, safety, and fast charge/discharge 

rates. A SSB replaces the volatile organic solvent-based electrolyte solution with a Li 

conducting solid. By replacing the solvent-based electrolyte with a solid, it eliminates the 

possibility of electrolyte leakage and the need for a separator. The solid electrolyte (SE) is more 

resilient to combustion inherently making them safer than conventional LIBs.8 Additionally, 

with the potentially reduced form factor and possibility to use Li-metal as the negative 

electrode, SSBs could achieve higher gravimetric and volumetric energy densities compared 

to conventional LIBs9. Higher gravimetric and volumetric energy densities mean that SSB 

containing EVs could have increased capacity, and therefore range, with the same weight and 

size pack when compared to EVs with conventional LIBs.  

1.2  Overview 

In this work, various methods of gauging the performance and characterizing the degradation 

of SSB materials are explored. Li6PS5Cl argyrodite SE is focused on in this work since it is 

generally considered industrially relevant given its relatively high ionic conductivity and ease 

of denification.10 Here, the various degradation modalities of Li6PS5Cl are explored with a 

combination of advanced characterization methods, X-ray computed tomography (XCT), X-

ray diffraction computed tomography (XRD-CT), and neutron computed tomography (NCT). 

To deconvolute the mechanical and electrochemical defect propagation throughout the SE, 

these advanced characterization techniques are correlated together and pushed towards 

operando measurements in order to have the most comprehensive understanding of the 

dynamic degradation pathways of SSBs. XCT is utilized for tracking/quantifying the 

mechanical degradation of SSBs, and this work highlights the challenges in producing 
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replicable X-ray transparent solid-state cells. This work also introduces a solution with the 

development of the in situ PEEK press, utilizing this novel equipment in correlated XCT/XRD-

CT studies where the strain and chemical composition are mapped throughout the volume of 

the interface. Another bespoke cell, the Solid-state Operando Neutron and X-ray (SONX) cell, 

is manufactured to maximize the spatial and temporal resolution of NCT. NCT enables the 

tracking of Li transport within the SE to see heterogeneities that form during degradation and 

what conditions lead to cell failure. By optimizing the techniques of XCT, XRD-CT, and NCT 

for the characterization of SE materials, and further correlating the results, a full story of 

Li6PS5Cl degradation is achieved. This thesis stands as a movement in the direction towards 

standardized characterization with the aid of advanced correlated techniques.   
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2  Literature Review 

2.1  Lithium-ion Batteries 

2.1.1  General Overview 

Lithium-ion batteries (LIBs) are a type of energy storage that converts electrochemical 

potential energy into utilizable electricity. Figure 2.1 shows a schematic of a conventional Li-

ion cell. The conventional LIB cell consists of a positive and negative electrode separated by a 

permeable porous separator and a solvent-based electrolyte solution. The positive electrode 

typically consists of a Li transition metal oxide (LiMO2), the negative electrode is usually 

graphite, and the electrolyte solution is an organic carbonate-based electrolyte solvent 

containing a Li salt. The positive and negative electrodes avoid shorting by utilizing a separator, 

typically a multilayer polypropylene/polyethylene membrane, allowing Li-ion mobility while 

keeping the electrodes isolated. 

 

Figure 2.1 - Schematic of a conventional Li-ion cell consisting of a graphite negative electrode 

(left) and a layered transition metal oxide positive electrode (right) 
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The cell potential originates from the difference in the electrochemical potentials of Li+ in each 

electrode. During the thermodynamically unfavourable reaction of charging, where the Li 

travels to the negative electrode, the lithiated negative electrode potential decreases to about 

0.08 V vs. Li/Li+ and the de-lithiated positive electrode potential increases to around 4.5 V vs. 

Li/Li+.11,12 This sets an upper voltage for the cell at about 4.4 V since cell potential, Vcell, is 

defined as: Vcell = Vpositive – Vnegative , where Vpositive is the positive electrode potential and 

Vnegative is the negative electrode potential. Discharge of the cell is thermodynamically 

favourable, Li travels to the positive electrode when the positive and negative electrodes are 

connected by an external circuit that allows the flow of electrons. This flow of electrons is what 

is used to power devices, thus producing useful work.     

2.1.2  Limitations of Lithium-ion Batteries 

Though LIBs are the dominant technology in electrochemical energy storage and have been 

since there commercialization by Sony in 1991, there still remain challenges that introduce 

limitations in their performance.12,13 The safety, lifetime, and energy density of LIBs are critical 

areas of research, especially as the technology is finding more applications in electrifying 

transportation.14,15 These are often wicked problems as optimizing for one challenge can often 

negatively impact another. For example, since the 1970s, the use of Li-metal as the negative 

electrode has demonstrated promise in delivering extremely high energy density batteries; 

however the technology has been significantly hindered by exacerbating safety issues with the 

excessive formation of Li dendrites which electrically short the cell, often leading to 

fires/explosions.16,17  

However, the implementation of a Li-metal negative electrode is still of great interest for 

applications demanding high energy density because compared to the typical graphite negative 
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electrode which has a thoretical specific capacity of 372 mAh g-1 a Li-metal negative electrode 

achieves 3860 mAh g-1.16,18 Li-metal batteries were briefy commercialized by Moli Energy 

Canada in the late 1980s but were recalled due to the safety concerns.19 The reactivity of solvent 

based electrolytes with high energy electrodes is being researched continuously, alteratives to 

highly flammable electrolytes will continue to be explored, and strategically used electrolyte 

additives show promise in overcoming Li dendrite formation, however overcoming these 

limitations does inspire exploring alternative battery architectures.20,21 

 

2.2  Solid-State Lithium Batteries 

2.2.1  General Overview 

Solid-state lithium batteries (SSB) have the same general configuration of the conventional 

LIB, a positive and negative electrode separated by an electrolyte, with a few exceptional 

differences. The most obvious difference is that the solvent-based electrolyte of the 

conventional LIB is replaced with a solid Li+ conductor.  This inherently increases the safety 

of SSBs by eliminating electrolyte leakage which is hazardous to living organisms and the 

environment22. With the solid-state electrolyte (SE), the SSB is more resilient to combustion 

and there is no need for a separator or individual cell casings to house electrolyte solvent.8 

Researchers are working towards developing a SE that has high ionic conductivity, high 

stability, and can utilize either a Li-metal negative electrode or an “anode-free” configuration 

that simply plates/strips Li onto a bare Cu current collector, further increasing energy density 

by limiting excess Li. Figure 2.2 shows a schematic of a ceramic solid-state Li cell.  
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Figure 2.2 - Schematic of an "anode-free" solid-state Li cell consisting of a Cu negative current 

collector (left) and a layered transition metal oxide positive electrode (right) 

 

With the potentially reduced form factor and the utilization of a Li-metal negative electrode or 

an “anode-free” configuration, SSBs could achieve higher gravimetric and volumetric energy 

densities compared to conventional LIBs.9 These projected benefits justify the level of attention 

SSB research has been receiving in recent years. 

2.2.2  Challenges for Solid-State Lithium Batteries 

Even though SSBs show great promise, like any new technology, there are many hurdles 

towards commercialization. Manufacturing SSBs will present major challenges as it includes 

the need to develop a dense and thin SE with high ionic conductivity. When comparing to 

conventional liquid electrolytes which can be simply injected into an assembled cell, achieving 

a stable and low resistance interface between electrodes and electrolyte will be much more 
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difficult.23–25 Many of the challenges in SSBs will arise from the nature of SEs, being 

susceptible to physical contact loss and defect formation such as voids and cracks. Developing 

an understanding of the material properties of the various SEs will be key in overcoming these 

intertwined challenges to therefore realize a practical, scalable, and long life SSB for 

commercial applications. 

 

2.3  Solid-State Electrolytes  

2.3.1  Overview and Prospective Properties 

Solid-state electrolytes (SEs) come in many forms; to focus on Li conducting and strictly solid 

ionic conductors (excluding polymer-based conductors) still leaves many variations in 

chemistry. A short list would include both crystalline and disordered materials, mainly oxides, 

sulfides, and halides26,27 As of 2021, the number of Li-based SE materials identified by the 

Materials Project database was 18,578.28  

With such an immense catalogue of potential SE materials to choose from, it is important to 

highlight what the prospective demands for these materials will be: 

(i) High ionic conductivity and low electronic conductivity: Electrolytes of any phase 

must be electrically insulative, to maintain a potential difference between electrodes, 

and ionically conductive to facilitate the movement of Li+ ions. Standard liquid-based 

electrolytes are typically on the order of ~10 mS cm-1, but due to the low transference 

numbers (< 0.5), single ion conducting SE materials will have to achieve ~ 1 mS cm-

1 conductivity at room temperature to compare.29–31 Many variations of SE materials 

have been reported to reach this goal, but depending on the quality of the interface 

with the electrodes higher conductivities may be required.32–36 Sulfide-based Li SE 

typically obtain higher ionic conductivities than oxide-based SEs due to the higher 
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polarizability and larger ionic radius of S2- compared to O2-.37,38
 Aside from the 

requirement of high ionic conductivity, having low electronic conductivity is 

important for cell functionality and reducing degradation such as Li dendrite 

formation and Li plating within the SE.39,40  

(ii) High current density: SE materials that can operate at high current densities (mA cm-

2) enable SSBs that are able to charge and discharge faster without degrading. The 

current density is an important performance metric for SSB cycling and is highly 

dependent by SE preparation and environment, being affected by factors such as SE 

porosity and temperature of the cycling.41,42 A reported current density to achieve is 

3-4 mA cm-2 for practical use in automotive applications.43   

(iii) Ease of manufacturing: Producing thin, dense, SE films into various cell formats will 

introduce a significant hurdle towards mass manufacturing of SSBs; whether the SE 

material will enable the typical roll-to-roll techniques or be more suited for novel 

developments such as 3D printing of electrodes and electrolyes.44–47 A SE that has a 

lower Young’s modulus can be densified easier which can affect not only the porosity 

and aid in achieving higher current density cycling but can also help form a better 

interface with electrodes and thus increase the lifetime of the SSB.48–50  

(iv)  Cost: Though cost is a convolution of many variables including the ease of 

manufacturing, scalability, and cost of raw materials, it is useful to keep cost in mind 

when exploring the many materials available for SEs. For example, Li6PS5Cl 

argyrodite material cost is two orders of magnitude more than the materials for liquid 

electrolytes.44 Factors such as element abundance should come into consideration 

when considering a SE for mass market.    
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2.3.2  Ion Mobility in Solid-State Electrolytes 

Due to the nature of the SE, it cannot be displaced to the level a liquid-based electrolyte could 

be and therefore will not short the cell. By choosing a SE that is highly ionically conductive 

and electrically insulative, there is no longer a need for a separator in the cell. Li mobility in 

the SE is quite different from the diffusion in a Li salt containing electrolyte solution. The 

materials used as SEs rely on solid-state diffusion which takes place via crystallographic 

defects, mainly Schottky and Frenkel defects.  

In Schottky defects, the cation and anion both leave the solid crystal, which can lead to the 

formation of voids and inherently changes the density of the area. Schottky defects occur more 

frequently when the size difference between the cation and anion in a crystal are small. Frenkel 

defects occur in a crystal when the smaller ion moves into a pre-existing void or into an 

interstitial site in the crystal lattice. With Frenkel defects, the density of the solid is maintained. 

Frenkel defects are more likely to occur in crystals where the anion is substantially larger than 

the cation. A graphical representation of Schottky and Frenkel defects is shown in Figure 2.3. 

When looking at the Li6PS5Cl argyrodite material, it is expected that Frenkel defects will 

contribute a majority of the ionic conductivity due to the size of the Li cation being much 

smaller than the anionic contributions in the structure.   
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Figure 2.3 - Examples of the crystallographic defects that facilitate ionic conductivity in solid-

state electrolytes 

 

2.3.3  Classifications of Solid-State Electrolytes 

There exist many variations of SEs with distinct properties, broadly categorized into three main 

types: solid inorganic electrolytes, solid polymer electrolytes, and solid composite 

electrolytes.51,52 Excluding the polymer and composite electrolytes, the strict definition of SEs 

based on defect driven ion diffusion mainly refer to solid inorganic electrolytes. Continuous 

efforts have been devoted to the advancement of solid inorganic electrolytes, with most work 

focusing on the three main classes: oxides, halides, and sulfides.51 

2.3.3.1 Oxides 

Oxide-based SEs (O-SEs) have played a pivotal role in the advancement of SSBs, gaining 

significant attention in the 1970s.53,54 Goodenough et al. first showcased Na-ion conductivity 

in Na1+xZr2SiXP3-xO12, developing a framework that subsequently inspired the development of 

numerous Li-based analogues.54 Among these, Li7La3Zr2O12 (LLZO) has attracted particular 
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interest due to its moderately high room-temperature ionic conductivity (~1 mS cm-1) and 

stability against air, moisture, and Li metal.53,55 Chemical stability is one of the key advantages 

of O-SEs, along with their high mechanical strength, and wide electrochemical stability 

window. However, challenges remain, including their inherent brittleness, the formation of 

surface layers, and demanding SE pellet processing conditions. O-SE pellets often require 

formation pressures exceeding 500 MPa and sintering temperatures above 1000 ºC.53,56 These 

challenges, combined with the lower ionic conductivities relative to sulfides continue to 

constrain the widespread application of O-SEs.   

2.3.3.2 Halides 

Halide-based SEs have recently gained interest as a promising SE candidate owing to their high 

ionic conductivity and broad electrochemical stability window. Though there were early 

discoveries of halide materials such as LiAlCl4, their low ionic conductivities (<0.1 mS cm-1) 

limited their appeal.57 Interest was reinvigorated in 2018 when Aseno et al. demonstrated that 

Li3YCl6 and Li3YBr6 achieved ionic conductivities above 1 mS cm-1.58 Advantages of halide 

materials include high ionic conductivity and the ability to achieve dense pellets under 

moderate pressures (~500 MPa) and temperatures (~150 ºC).59 The disadvantages are the 

extreme sensitivity to air and moisture, poor interfacial stability against Li, complex synthesis 

requirements, and limited cycling stability.60 

2.3.3.3 Sulfides  

S-SEs have attracted considerable attention due to their exceptionally high ionic conductivity, 

in some cases surpassing the conventional liquid electrolytes (~10 mS cm-2).40,61 The malleable 

nature of sulfides allow them to be densified under moderate pressures (~ 350MPa) at room 

temperature and often not requiring additional sintering.62,63 This ease of densification is a clear 

advantage for SSB manufacturing. While research into sulfides included early discoveries such 

as Li2S-P2S5 by Mercier et al. in the 1980s, it was the development of S-SEs with unprecedented 
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ionic conductivity such as Li10GeP2S12 (12 mS cm-2) that sparked widespread interest 

throughout the last 20 years.64,65  Their notably high ionic conductivity gives sulfides an 

advantage over most halides and oxides. In addition, sulfides form a relatively stable 

passivating layer with Li, making them promising candidates for commercial SSBs.61 With its 

relatively high conductivity of above 1 mS cm-2 and ease of densification27,66, this work will 

focus on Li6PS5Cl argyrodite material which was first introduced in 2008 by Deiseroth et al. 

and falls under the category of ceramic based ionic conductors first explored in the 1800’s by 

Michael Faraday and Walther Nerst.67,68  

2.3.4  Sulfide-based Solid-State Electrolytes 

Sulfide-based solid-state electrolytes (S-SEs) have a few advantages compared to other types 

of SEs, such as chlorinated argyrodite (Li6PS5Cl) which are of particular interest due to their 

high ionic conductivities and the ability for room temperature densification.10,69,70 S-SEs also 

have a few disadvantages; for example, they are generally more reactive with both Li-metal 

and oxide-based positive electrode materials.71 S-SEs are also air sensitive and, in most cases, 

handled in gloveboxes which make them more difficult to work with.  

The S-SE that will be focused on in this work is Li6PS5Cl argyrodite material, the crystal 

structure of this material is shown in Figure 2.4. Li6PS5Cl, like most S-SEs, is known for having 

a high ionic conductivity of above 1mS/cm2
 and a low Young’s modulus which makes them 

easier to densify and better for high-rate applications27,72.  The Young's modulus of O-SEs is 

typically in the range of 100-200 GPa while for S-SEs it is usually in the range of 10-20GPa72,73.   

SEs with a lower Young’s modulus can experience less stress during volume change via strain 

accommodation73. By better accommodating the stresses of cycling, SEs with a low Young’s 

modulus will have reduced chance of damage and maintain better electrolyte/electrode contact, 

leading to enhanced cycle life. Further improvement to the ionic conductivity can also be 
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achieved by reducing voids and grain boundaries in the SE, which is easier to achieve in SEs 

with a low Young’s modulus73–75. 

 

Figure 2.4 - Li6PS5Cl, sulfide-based argyrodite crystal structure. 

 

Li6PS5Cl is a crystalline S-SE, with a cubic symmetry76 F4̅3m and a density of 1.64 g/cm3. 

Li6PS5Cl is air sensitive and hydroscopic, which means that most work is performed in an Ar-

filled glovebox. If exposed to air, Li6PS5Cl can undergo hydrolysis and generate toxic H2S gas 

via the following reaction.  

Li6PS5Cl +  4H2O →  LiCl + Li2S + Li3PO4 +  4H2S  (1) 

Hydrolysis leads to irreversible sulfur loss which can reduce the ionic conductivity of the S-

SE73. Moisture seems to be the main issue with air exposure of Li6PS5Cl because work has 

been done showing its stability in dry room environments72. This means that the air sensitivity 

of Li6PS5Cl may not be a critical issue for mass commercialization, since dry rooms are 

currently implemented in LIB manufacturing.  

Li 
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2.4  Degradation Pathways of Sulfide-based Solid-State Electrolytes 

Commercialisation has been impeded by challenges stemming from the fabrication and 

degradation of the SE. Specifically, the SE is known to degrade through a mix of 

chemical/electrochemical, and mechanical pathways, lowering lifetime, safety, and permitted 

current density. These degradation pathways are dynamic in nature, so understanding how they 

evolve in real time will give better insight into how they nucleate and propagate. 

2.4.1  Mechanical Degradation Pathways 

Mechanical degradation of the SE arises from materials processing, cell assembly, and cell 

cycling. Due to the spatial heterogeneity of such mechanisms, a spatially resolved 3D technique 

that can view the entire cell is desirable. X-ray computed tomography (XCT) has been a popular 

technique with researchers to characterise systems with similar requirements. XCT enables 

imaging of the structure/microstructure over large 3D volumes in a relatively short time, 

allowing for cycling the SSB and imaging them in real time. Ning et al. utilised synchrotron-

based XCT to visualize the growth of cracks at the SE and the Li interface, finding that sub-

surface voids in the SE cause a nucleation of cracks, which can propagate along a path of higher 

average porosity through the SE13. Hao et al. also used synchrotron-based XCT and digital 

volume correlation (DVC) to track the propagated cracks in SE, along with its associated 

macroscopic strain22. Kasemchainan et al. found that during subsequent plating and striping, 

of the Li electrode, voids form at the surface of the Li that cause heterogenous current densities 

over the surface of the interface, which led to the nucleation of Li filaments.11 Another study 

by Ning et al. demonstrated operando XCT with a pixel size of 1.625 µm which informed 

models to describe the initiation and propagation of Li filaments at the Li6PS5Cl/Li interface15

; however, this study utilised larger particle sizes than suggested for optimal densification (D50 

≈ 10 µm). Researchers typically use SEs with particle sizes of a few microns or below to have 
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better compaction/densification and ionic conductivity77–79, meaning that features of interest 

when studying the nucleation and propagation of voids and cracks are often on the sub-µm to 

nm scale.80–83 XCT at high resolutions such as that desired in systems utilising ~1 µm particle 

size SE often run into the common trade-off between resolution and field-of-view (FOV): if 

the resolution is too low then features of interest cannot be identified and if the FOV is too 

small then the probed volume may not be representative of the system as a whole. 

2.4.2  Chemical/Electrochemical Degradation Pathways 

The reactivity of Li6PS5Cl with Li metal also remains a hurdle for the stability of these 

systems.84,85 This reactivity is kinetically limited by the formation of a passivating interphase 

that forms at the Li6PS5Cl/Li interface comprising of reduction products such as Li2S, LiCl, 

and Li phosphates86,87. Li metal-induced chemical and electrochemical interfacial degradation 

has been experimentally observed through techniques such as X-ray photoelectron 

spectroscopy (XPS) and Raman spectroscopy71,79,85. In recent work by Aktekin et al. utilized 

hard X-ray photoelectron spectroscopy (HAXPES) to study the reactions at the Li6PS5Cl/Li 

interface in operando conditions, highlighting the importance of operando investigation of the 

interphase in identifying the composition and kinetics85. According to X-ray diffraction 

computed tomography (XRD-CT) mapping of the interface between Li-metal and SE, there 

exists undesirable chemical heterogeneity and stress accumulation.84 Additionally, the 

formation of voids and defects at the Li and SE interface during the stripping and plating of the 

Li anode lead to non-uniform plating currents and strain accumulation.80,83,88,89 In turn, this 

results in the nucleation of cracks at the interface that propagate through the SE, leading to 

mechanical failure of the SE88,90,91. Simultaneously, the strain at the interface leads to the filling 

of Li metal into cracks and the propagation of Li filaments which eventually cause electrical 

shorting of the cell which causes cell failure84. The use and theory of XRD-CT is discussed in 

further detail in Chapter 3.5.2 . Therefore, there is a pressing need to study these dynamic 
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chemical, electrochemical, and mechanical processes to develop an understanding of how the 

degradation nucleates and propagates in SSBs.  

2.4.3  Strategies and Perspectives to Address the Challenges 

There are several existing methods for overcoming these challenges and degradation modalities, 

the popular categories include various forms of SE doping, microstructural engineering, and 

developing composite structures.89,92–94 Forming composite structures can take many forms, 

from mixing Li6PS5Cl with polymers to more complicated multi-layered ceramic structures 

like the SE composites developed by Zhang et al.92,95 The multi-layered structures studied by 

Zhang et al. were Li6PS5Cl/Li3ScCl6/Li6PS5Cl and Li6PS5Cl/Li10GeP2S12/Li6PS5Cl, enabling 

Li plating at current densities above 15 mA cm-2 as the sandwiched structures would suppress 

crack propagation through the thickness of the SE pellets.92 Doping of Li6PS5Cl has been 

shown to benefit the stability of Li6PS5Cl against a Li-metal electrode while also aiding in 

achieving higher ionic conductivities. For example, Adeli et al. found that increasing the Cl 

content in Li6PS5Cl to produce a Cl-rich Li5.5PS4.5Cl1.5 lead to a nearly fourfold increase in 

ionic conductivity (9.4±0.1 mS cm−1) compared to Li6PS5Cl under identical processing 

conditions, attributing the benefits to weakening the interactions between Li ions and the 

surrounding anionic framework.66,96,97 Other microstructural engineering approaches to avoid 

parasitic reactions with Li-metal and the formation of defects include the use of smaller SE 

particles (~1 µm diameter) and forming SE pellets under high pressures (~450 MPa) and 

temperatures (~200 ºC).89,98 In general, these strategies still require further understanding to 

maximize the benefits to stable, high performing Li6PS5Cl SEs, which means further 

characterization to quantify and elucidate the effects of future developments.  
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2.5  Characterization Strategies of Sulfide-based Solid-State Electrolytes 

Early studies on S-SE degradation relied heavily on post-mortem characterization techniques 

which are ex situ in nature. Such techniques include optical microscopy, scanning electron 

microscopy (SEM), and focused ion beam SEM (FIB-SEM).99–101 Post-mortem analysis has 

informed researchers on the distribution and formation of Li dendrites, and the development of 

in situ SEM set-ups like that of Singh et al. have given enhanced temporal resolution of the 

dynamic formation of dendrites.100 These in situ studies have highlighted the importance of SE 

pellet integrity as it showcases pre-existing defects being the nucleation points for Li dendrite 

growth while flaw-free interfaces show high mechanical endurance.100 There has been an 

increased interest in utilizing more non-destructive techniques such as XCT and experiments 

with more operando conditions to give a more representative analysis. One of the earliest 

examples of the use of synchrotron XCT was by Harry et al. in 2013 in the Advanced Light 

Source at Lawrence Berkeley National Laboratory where a bespoke polymeric SE cell was 

imaged in 3D during different states of cycling, revealing complex Li dendrite formation near 

the Li electrodes.102  

In recent time, XCT has become a very popular technique in SSB characterization due to the 

non-destructive nature, the ability to probe a volume of the sample, and the ease of pairing with 

other characterization techniques.88,90,103–106 Multimodal or correlated characterization 

provides a tremendous amount of data, and when in an operando environment, the most 

detailed representative experiments can be performed. For an example, pairing XCT with the 

XRD-CT experiment by Villevielle et al. would have provided higher spatial resolution of the 

mechanical defects within the Li6PS5Cl SE that could have been correlated with the spatial 

distribution of decomposition products observed.107 The future of characterization is aiming 

for more data collected in less time with better statistics for the better understanding of 
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degradation systems and the development of degradation modelling, but the challenge will be 

setting up these experiments in a representative manor and collecting high quality data.108    

 

2.6  Thesis Scope 

SSBs are going through another wave of interest with the discovery of further SE materials 

with high ionic conductivity. In order to assess the utility of a particular SE, standardizing the 

process of characterisation is essential for better understanding the degradation mechanisms of 

SE materials. The aim of this thesis is to introduce advanced characterisation methods that will 

aid in further understanding the complexity of SSB degradation. Chapter 3 will first introduce 

the various methods of manufacturing SSB cells for characterisation, the electrochemical and 

material testing methods, and provide theory on the numerous techniques utilized.  

The subsequent chapters 4, 5, and 6 will dive into the results of the advanced characterisation 

techniques and highlight the hurdles in optimizing these experiments. Chapter 4 focuses on the 

fabrication of SSB cells for use in X-ray computed tomography (XCT) experiments and the 

development of the PEEK in situ Press (PIP) cell. The PIP cell design facilitates representative 

cycling and optimal X-ray imaging, enabling the study of the nucleation and progression of 

mechanical degradation in a Li| Li6PS5Cl |Li symmetric cell throughout the entire volume of 

the SE. Chapter 5 will employ another X-ray technique to explore the effects of strain 

accumulation in SE degradation, X-ray diffraction computed tomography (XRD-CT). In the 

same Li| Li6PS5Cl |Li symmetric cell system XRD-CT allows for the mapping of the various 

materials found and the strain accumulated within the volume of the SE. With the correlated 

datasets of XCT and XRD-CT, more light is shed on the mechanisms behind phenomena like 

crack and void formation. Chapter 6 introduces neutron computed tomography (NCT) as 

another complementary technique to characterize the degradation of a Li| Li6PS5Cl |Li 
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symmetric cell system, answering the vital question: where is the Li metal during degradation? 

Because NCT is sensitive to Li, unlike XCT, visualisation of where the Li goes during crack 

formation is possible. Correlated NCT and XCT is explored, and the methods of approaching 

operando conditions are discussed in detail. Chapter 7 will conclude with an analysis of the 

various correlated techniques and some thoughts towards further development in understanding 

the degradation of SE materials.   
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3  Methods 

3.1  Planetary milling 

Planetary ball milling is a form of mechanical alloying designed to produce fine powdered 

materials with controlled microstructures. With planetary milling, homogeneous amorphous 

power mixtures are produced by repeated mixing, plastic deformation, and particle fracturing109. 

The type of planetary mill used in this work is a Retsch PM100, where the powders are milled 

in a steel vial with an inner coating of ZrO2. The milling media used is 2 mm ZrO2 balls. The 

milling vials are placed in the planetary mill and exposed to high centrifugal force that quickly 

grinds and fractures the powders inside. This leads to particle size reduction, reactions between 

freshly fractures surfaces, and homogenous mixing of the powders.   

3.1.1  Li6PS5Cl Argyrodite Synthesis  

Using the planetary mill equipped with the ZrO2 milling jar with thirty 2 mm ZrO2 balls. For 4 

g of Li6PS5Cl argyrodite, 1.208 g of Li2S, 2.344 g of P2S5, and 0.448 g of LiCl are added into 

the milling jar. Corresponding to a weight ratio of (0.302:0.586:0.112) Li2S:P2S5:LiCl or 

(2.5:1:1) molar ratio which is inspired by previous work110. The powder starts as a minty green 

and the final product is more beige. This is milled for 6 hours at 350 rpm with 10 min milling 

intervals and 3 min break times. The resulting powder is sealed under vacuum in a 10 mm 

quartz tube using a propane torch. The sealed ampoule is heated to 500 ºC for 36 hours to obtain 

the finalized Li6PS5Cl argyrodite powder. To confirm the successful synthesis of Li6PS5Cl 

argyrodite, the homemade argyrodite was characterized using X-ray diffraction (XRD), as 

shown in Figure 3.1. 
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Figure 3.1 - XRD pattern of the homemade Li6PS5Cl argyrodite powder compared to a 

standard of Li6PS5Cl argyrodite powder for reference. 

 

The XRD was conducted with a Rigaku Smartlab SE diffractometer with a Mo X-ray source 

(λ = 0.71 Å) over a 2θ range from 5º to 50º with a step size of 0.01º. As shown in Figure 3.1, 

the diffraction pattern of the homemade argyrodite (red) contains the characteristic peaks of 

the standard Li6PS5Cl argyrodite pattern (blue).111 The broad increase in intensity around 7-12º 

comes from the Kapton tape used in sample preparation. Since Li6PS5Cl is air sensitive, 

powdered samples were prepared in an Ar-filled glovebox by sealing the powder with Kapton 

tape in the sample holder. 
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3.1.2  Positive Electrode Composite 

Positive electrode composites were produced for use in solid-state full cells. The positive 

composite was first produced via planetary milling then mixed with solid electrolyte (SE) and 

sequentially milled. The positive electrode is mixed with SE to facilitate ionic mobility in the 

electrode since, unlike in a liquid-based system, the electrode is unable to wet with the ionic 

conductive electrolyte. Lithium manganese oxide, LiMn2O4 (LMO) and lithium nickel 

manganese oxide, Li2Mn2Ni2O5 (LNMO) positive electrode materials were used to make the 

positive electrodes. The positive electrode composites in this work utilized binder and an 

electrically conductive additive found in conventional liquid-based Li-ion batteries (LIB). The 

binder used was polyvinylidene fluoride (PVDF) and the conductive additive used was high 

surface area carbon black (CB).  

Positive electrode composites were produced with the weight ratio Active:PVDF:CB (94:3:3), 

similar to other studies, where Active is the lithiated transition metal oxide (either LMO or 

LNMO).112,113 Active:PVDF:CB (94:3:3) composites were made by adding 3.76 g Active, 0.12 

g PVDF, and 0.12 g CB into a planetary mill with thirty 2 mm ZrO2 balls and milling at 500 

rpm for 1hr with 20min working intervals and 10min breaks. The resulting Active:PVDF:CB 

(94:3:3) composites were further mixed via mortar and pestle with the weight ratio 

Active:Li6PS5Cl (50:50) for 10 mins when the colour becomes homogenous. The resulting 

produced positive electrode composite is then ready for cell assembly.  

 

3.2  Cell Assembly  

There are two major cell designs that are used in this work, the Li/Li symmetric cell and a 

solid-state full cell. These two cell types allow for different types of electrochemical testing. 

The Li/Li cell can test how efficiently the solid electrolyte allows Li to move back and forth, 
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testing the plating and stripping of Li on Li to explore dendrite formation in a Li metal cell. 

The full cell on the other hand exemplifies how a more commercially representative cell would 

react, allowing for testing of degradation during cycling such as capacity retention.  

Along with these two types of cells there are variations of how to prepare cells for testing. 

Mainly, the solid electrolyte cells can be prepared into pellets which are then subsequently 

added into a cell, or the pellet can be formed directly in the electrochemical testing cell. The 

feasibility and effectiveness of each cell preparation is a topic for this work. The cell 

architectures that will be discussed are the pressure cell, the Swagelok cell, and in situ pressed 

PEEK cells.  

3.2.1  Symmetric Cells 

Li/Li symmetric cells are formed by placing Li metal on both the positive and negative current 

collectors with the SE separating them. This cell architecture is helpful when investigating the 

basic transport properties within the SE since it is a less complex system than implementing a 

full cell with various Li containing electrodes. The layout of the Li/Li symmetric cell is shown 

in Figure 3.2.  

 

Figure 3.2 – Li/Li symmetric cell geometry made with Li6PS5Cl SE. 

 

← Li  

← Li6PS5Cl 

← Li 
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Symmetric cells have been developed in pressure cells, Swagelok cells, and the in situ PEEK 

cells. In each cell format, the SE pellet is formed before assembling the Li metal electrodes so 

that the Li metal was not subjected to the massive pressures involved in SE pellet production. 

3.2.2  Full Cells 

Full cell solid-state LIBs are produced by cycling Li metal verses a positive electrode 

composite. A schematic of the full cell solid-state LIB is shown in Figure 3.3.  

 

Figure 3.3 - Solid state full cell geometry with Li metal paired with a positive electrode and 

Li6PS5Cl. 

 

The positive electrode composite consists of either LMO or LNMO mixed with binder, 

conductive additives, and SE. The positive electrode composite and SE are pressed together 

with the Li being added afterwards to spare the Li metal from the extreme pellet formation 

pressures. 

 

3.3  Cells Architectures 

3.3.1  The Pressure Cell 

The design of the colloquially named ‘pressure cell’ comes from work done by Simon Randau 

et al in a 2020 publication which sought to establish a baseline for SSB electrochemical 

← Positive Composite  

← Li6PS5Cl 

← Li 

 

← Positive electrode 

← Li6PS5Cl 

← Li 
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testing114. The design, shown in Figure 3.4, allows the user to produce 8 mm diameter SE 

pellets and cells.  

 

Figure 3.4 - Pressure cell architecture from Reference 114. Consisting of a PEEK cylinder 

with an 8 mm bore encased in brass and surrounded by a stainless-steel brace that allows for 

the application of pressure. 

 

Here, the pellet is formed within the housing and pressurized by utilizing the external brace, 

ideally leading to consistent contact resistance between cells. The design is a great effort by 

the SSB community to standardize SE electrochemical testing; thus the design is used in initial 

electrochemical testing of the Li6PS5Cl argyrodite SE. The bolt and outer brace allow the user 

to put around 80 MPa of pressure on the 8 mm diameter SE cell. However, the brace and brass 

housing makes the pressure cell less appealing for XCT experiments. The brass housing is 

difficult to image through, and the brace will limit X-ray transmission at some projections, 

which will make taking high quality images difficult.  

← Bolt 

← Stainless steel brace 

 Stainless plunger 

Brass housing with inner 

PEEK shell 
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3.3.2  The Swagelok Cell 

The Swagelok cell, as the name suggests, consists of Swagelok parts that hold the SE pellet in 

place between two stainless steel plungers. This cell geometry requires manufacturing of a SE 

pellet prior to cell assembly, where the pre-formed pellet is placed into the Swagelok union to 

fabricate the cell. Specifically, the 1/8 inch Swagelok union is used with 1/8 inch stainless steel 

plungers as electrodes. The PFA-220-6 Swagelok union consists of perfluoroalkoxy alkane 

(PFA)115 and is milled down to reduce the amount of material blocking X-rays from the SE 

pellet. A depiction of the Swagelok cell is shown in Figure 3.5.   

 

Figure 3.5 - Schematic of 3 mm sample diameter Swagelok cell architecture. 

 

Swagelok parts are used so that the cell will be airtight, and they will enable the use of air 

sensitive materials such as Li6PS5Cl. This cell architecture has been used in previous work 

successfully32 and enabled the full resolution of the Nikon XTH225 (Nikon) XCT machine 

over the entire cell volume. 

 

3.4  Electrochemical Testing 

3.4.1  Galvanostatic Cycling 

During the operation of SSBs, there are many mechanisms of degradation that take place. These 

degradation mechanisms include shorting, where electrical isolation of the two electrodes is 

10 mm 
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compromised, and electrons can flow through the electrolyte. Shorting can occur when there is 

significant damage to the cell, such as penetration of a conductive material or the growth of Li 

dendrites through the electrolyte.  

Li dendrites are a major concern, especially for cells using a Li-metal negative electrode. Li 

dendrites form when Li begins to plate in stacks, this is affected by the surface diffusivity of 

Li onto the substrate, the binding energy, and the rate at which the cell is operating. Li dendrites 

can grow during the plating and striping when cycling a Li-metal negative electrode and have 

the potential to puncture the SE and short the SSB.  

To determine the rate at which the cell failure is inevitable, researchers have compared current 

densities. If a material being tested has a higher current density than it may be considered a 

more reliable SE for high-rate applications. Testing for the current density of a SE usually 

occurs by cycling a cell galvanostatically (with constant current) at increasing current densities 

until there is a fluctuation of voltage80.  

Eventually, the cell will not be able to charge or discharge and likely has shorted due to dendrite 

formation. The current density just before the short are often considered the critical current 

density (CCD) which is reported as a performance metric of various SE materials116. For 

context to compare to a Li-metal electrode in liquid electrolyte systems often fail due to 

dendrite formation at a current density of 1–3 mA cm−2, while Li6PS5Cl CCDs are reported 

over a wide range of 0.3 – 2.15 mA cm−2.35,89,117–121 However the concept of CCD and 

comparing CCDs of various materials has significant limitations due to the results being highly 

dependent on variables such as particle/grain size, pressure, temperature, cycling protocols, 

and cell design. Further limitations in this method include not knowing exactly what is leading 

to a short, not being able to correlate voltage fluctuations to degradation pathways, neglecting 

the aging of the cell, and test apparatus conditions could alter the results.  
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The current density of the homemade and commercial Li6PS5Cl argyrodite were also compared 

using the previously mentioned pressure cell. The variable current density cycling is shown in 

Figure 3.6. 

 

 

Figure 3.6 - Variable current density cycling of homemade (black) and commercial (blue) 

Li6PS5Cl argyrodite. 

 

At first observation, the homemade argyrodite seems to have a higher current density than the 

commercial, as it was able to operate at a higher current density than the commercial materials. 

The homemade SE survives 5 cycles at 1.0 mA cm-2 while the commercial SE seems to short 

at 0.8 mA cm-2. However, these cells were not treated the same and therefore cannot give a 

clear comparison. This highlights a possible shortcoming in the testing of CCD; if the steps 

prior to a CCD are changed than the perceived CCD could as well. This inconsistency and the 

lack of replicates need to be addressed in future work. However, as stated above, commercial 

Li6PS5Cl argyrodite SE was used in further work due to the priority of a consistent baseline 

over a high performing baseline.  All cycling was done with a Gamry Reference 600+ from 

Gamry Instruments. Cycling on Li/Li symmetric cells is done via chronopotentiometry, where 

the working current density of the SE is determined by plating and stripping Li at increasing 
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current densities until cell failure. 1 hour constant current platting and sequential constant 

current stripping, with a 10 s voltage sampling period, is typically used to test the current 

density of SEs. If the SE being tested has a higher current density then it could be considered 

a more favourable, but testing for current density can be sensitive to many variables such as 

pressure and temperature which is a matter of study for future work.   

3.4.2  Electrochemical Impedance Spectroscopy 

Electrochemical impedance spectroscopy (EIS) is an effective, non-destructive method of 

probing the internal impedance of an electrochemical cell. Impedance is highly related to the 

safety, structural integrity, and rate capability of SSBs. EIS treats the cell as a black box and 

illustrates the kinetic processes by examining the relationship between an input signal (i.e. an 

alternating current (AC) potential) and the output (i.e. a current)122.  

EIS studies a system at equilibrium by applying a small perturbation and observing how the 

system returns to equilibrium. The amplitude of the perturbation voltage is typically in the mV-

range centred around the cell’s open circuit voltage (OCV) to maintain a linear relationship 

between the current response and applied potential122,123. By observing the relationship 

between a perturbation voltage and the output current, insights into the kinetics involved with 

Li-ion migration within the SE and the interfacial stability with various materials can be 

obtained124.  

The current response from EIS can be analysed as a function of the frequency to distinguish 

contributions that relate to different kinetic mechanisms. For example, in SSBs, the higher 

frequency ranges are dominated by the bulk resistance of the SE grains and the grain boundaries, 

while the lower frequencies are dominated by interfacial resistances and bulk diffusion with 

the positive electrode124.  
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A good visualization of impedance is the Nyquist plot, which is produced when the negative 

imaginary impedance is plotted verses the real impedance. The electrochemical behaviour of a 

cell can be mimicked by an equivalent electrical circuit model to make analysis easier. In an 

equivalent circuit model (ECM) the kinetics involved in Li-ion transport are replicated with 

various resistors and capacitors which have different responses to the perturbation voltage. 

With a resistor, impedance is constant with increasing frequency. With a capacitor, the 

imaginary impedance approaches zero with increasing frequency adding no real impedance 

component. An example of a Nyquist plot and is shown in Figure 3.7 along with an inlay of its 

corresponding equivalent circuit. 

 

 

Figure 3.7 - Nyquist plot and corresponding equivalent circuit model 
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From the Nyquist plot, the total resistance (Rtot) or total resistance of charge transfer can be 

taken as the diameter of the semicircle.  

Because EIS can be performed relatively quickly, ~3 mins, it is a good method to implement 

along with cell cycling. Previously, research has probed impedance at various depths of charge 

and discharge. These findings show that impedance generally increases during cycling, which 

will lead to early cell failure125. The researchers attributed the increased impedance to damage 

within the cell and give insight on how to improve the cell design, such as reduced active 

material grain size89,125–127.  

A good addition to this EIS at various depths of charge and discharge would be to pair the 

technique with a non-intrusive imaging method such as X-ray Computed Tomography (XCT). 

Another research group probed a similar electrochemical system with XCT and explored the 

effects of temperature and pressure on the formation of voids within the SSB128, which could 

have been a factor in impedance increase during cycling. Pairing electrochemical techniques 

with more materials characterization will help deconvolute degradation mechanisms within the 

SSB and lead to researchers having a clearer understanding of the systems at play.  

EIS was executed on the solid-state cell in its pristine state and after cycling to observe changes 

in internal resistance. Potentiostatic EIS was performed on the solid-state cells utilizing a 

Gamry Reference 600+ from Gamry Instruments. The frequency range was from 5x106 Hz (5 

MHz) to 100 Hz sampling 10 points/decade with an input AC voltage of 10 mV. An EIS scan 

takes roughly 3 mins to finish, making implementation of EIS during in situ experiments easily 

achievable.  

One case where EIS was used in this work was looking into the chemical stability of the 

positive electrode composite with the SE (see Figure 4.2). In this experiment, EIS over the 5 

MHz to 100 Hz frequency range is done on a pristine cell directly after manufacturing. 60 EIS 



59 

 

scans were done sequentially with 500 ms open circuit voltage (OCV) rests between scans. 

Another usage of EIS is in establishing the relationship between the applied pressure on the 

cell and internal resistance (see Figure 3.10). In this usage, EIS is performed at controlled 

pressures and the ionic conductivity is calculated. Ionic conductivity can then be plotted verses 

applied pressure to expose the relationship of these variables. The EIS of the commercial (blue) 

and homemade (black) Li6PS5Cl argyrodite SEs is compared in Figure 3.8.  

 

 

Figure 3.8 - Nyquist plot showing electrochemical impedance spectroscopy (EIS) of the 

commercial (blue) and homemade (black) Li6PS5Cl argyrodite SEs. 
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The EIS was taken with the use of the pressure cell to help with reproducibility. Based on the 

comparison of the two cells, the homemade Li6PS5Cl argyrodite SE has less resistance than the 

commercial material, but several replicates should be performed to give the finding statistical 

significance. The EIS was probed without the introduction of Li metal electrodes to reduce the 

variables in the test. Based on the diffusion tails at the right-hand side of both functions, the 

commercial material had variation in contact resistance since it deviated from a 45º angle 

expected. This variation shows the pressure cell is not perfectly reproducible, which is 

understandable, and again exemplifies the need for replicates. Regardless of the initial evidence 

that the homemade SE had lower impedance, without proper understanding of why the 

impedance is lower, work was carried on using the commercial material.  

Once the resistance of a SE is determined, it can be used to calculate the ionic conductivity 

(σion) as shown in the Equation 2 below. Ionic conductivity, or an ability to facilitate ion 

movement through a material under the influence of an electric field, is an important material 

property for a SE material. For SSBs to compete with conventional LIBs, they must achieve 

high ionic conductivity, so understanding what conditions lead to reduced resistances will be 

important in their development. 

𝜎𝑖𝑜𝑛 =  
ℎ

𝑅𝑡𝑜𝑡 𝐴
      (2) 

Where h is the thickness of the SE and A is the cross-sectional area. Researchers have found 

that ionic conductivity of SSBs depends on many factors such as temperature and pressure74,124. 

Li6PS5Cl is a material of interest due to possessing high ionic conductivities typically on the 

order of 1-10 mS cm-1, but reported ionic conductivities can vary significantly.35,69,70   

In Figure 3.9 the ionic conductivities of pure Li6PS5Cl are compared from 18 different sources. 

The variety in results was limited to variations in material handling, how the pure Li6PS5Cl 

was synthesised, and how the measurement was taken. When doping is introduced the variation 
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becomes much higher, some doped Li6PS5Cl reaching above 10 mS cm-1.129,130 From Figure 

3.9 the reported ionic conductivities for pure Li6PS5Cl vary between 0.014 and 3.56 mS cm-1 

with an average value of 1.71 mS cm-1, so the reported values agree with the high conductivity 

of Li6PS5Cl even though synthesis methods and materials handling vary the results.  

 

Figure 3.9 - Ionic conductivity of Li6PS5Cl represented as a box and whisker plot. The 24 

different values used are from 18 unique sources and focus on pure Li6PS5Cl so that variation 

in the measured value comes down to material handling and measurement 

technique.72,89,95,98,131–143 

 

A quick experiment that was made possible with the use of an in situ pressure rig was probing 

EIS at the extreme pressures made available by the bespoke setup. Figure 3.10 shows the EIS 

of the Li6PS5Cl argyrodite SE and corresponding ionic conductivity of the pellet.  
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Figure 3.10 - A) Nyquist plots of Li6PS5Cl argyrodite SE under pressures between 1000N-

3000N. B) Plot of ionic conductivity vs applied pressure. 

 

In Figure 3.10B the trend confirms the thought that higher pressures will produce pellets with 

lower resistances and therefore higher ionic conductivity. This finding is valuable when 

developing pellets for future degradation studies.  

 

3.5  Materials Characterization  

3.5.1  X-ray Computed Tomography  

X-ray computed tomography (XCT) is a form of non-destructive imaging that produces a 3D 

volume of X-ray attenuation within a sample that can give an internal and topographical view. 

XCT is commonly used in the medical field to image a patient’s internal injuries without having 

to open them up. There has been an increasing interest in application of XCT in other forms of 

research as well, with the increasing availability of lab scaled micro-XCT machines and XCT 

based synchrotron beamlines.88,105 For example, since XCT is non-intrusive, electrochemical 

systems like SSBs can be imaged during cycling and researchers can analyse the propagation 

of cracks throughout the SE88, allowing for continued operation of the cells either during or 

A) B) 
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after the imaging. The three essential components of the XCT are the X-ray source, a sample 

on a rotating stage, and a detector as shown in Figure 3.11.  

 

Figure 3.11 - Schematic of X-ray Computed Tomography setup 

 

X-rays are emitted from the X-ray gun and are projected onto the detector through the sample. 

In the X-ray gun, incident electrons are generated by a tungsten filament in a vacuum tube and 

irradiated onto a liquid-cooled target electrode. The electrons are accelerated toward the target 

electrode, typically tungsten, via a potential difference that provides sufficient kinetic energy 

to knock electrons from the inner orbitals.  

When a core electron is ejected, an electron from an outer shell must relax to a lower energy 

state to occupy the vacancy. This relaxation results in the release of energy in the form of X-

rays due to conservation of energy. This form of X-ray emission is classified as characteristic 

X-ray emission, because each metal has a set of energies corresponding to the energy of 

relaxation. The characteristic X-ray emission of tungsten is shown in Figure 3.12, showing the 
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peaks between 58-69 keV, along with a schematic describing characteristic X-ray emission. 

Tungsten is typically used due its relatively high atomic number and melting point.  

 

Figure 3.12 - Characteristic X-ray emission of tungsten with diagram explaining the emission 

of characteristic X-rays 

  

In addition to characteristic X-ray emission, there is another source of X-rays with a board 

range of energies. This other source is attributed to bremsstrahlung emission. Meaning 

“breaking radiation” in German, bremsstrahlung emission is a fitting name since it originates 

from incident electrons being decelerated by various interactions and emitting their kinetic 

energy as electromagnetic radiation144. The bremsstrahlung emission spectrum of tungsten is 

shown in Figure 3.13 along with a schematic describing the emission process.  
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Figure 3.13 - Bremsstrahlung X-ray emission of tungsten with diagram explaining the emission 

of bremsstrahlung energy 

 

The full X-ray emission spectrum for tungsten is a combination of the characteristic X-ray 

emission and the bremsstrahlung emission. The setting the X-ray source potential will be 

influenced by the X-ray emission spectra and the sample. The potential should be set such that 

the characteristic emission peaks are present to maximize the flux of X-rays. The X-ray 

emission spectra for tungsten is shown in Figure 3.14.  

 

Figure 3.14 - X-ray emission spectra for tungsten at 120 keV 

 

Bremsstrahlung 



66 

 

 

The X-rays interact with the matter of the sample through a combination of absorption and 

scattering. The absorption and scattering contribute to the attenuation of the X-ray beam as it 

passes through the sample. The attenuation coefficient can be calculated as a summation of the 

effects of absorption and scattering multiplied by the number of atoms per unit volume144, 

shown in Equation 3.  

𝜇 = 𝑁𝑉(𝜎𝑎𝑏𝑠 + 𝜎𝑠)   (3) 

Where Nv is the number of atoms per unit volume, σabs is the absorption cross-section, and σs 

is the scattering cross-section. The interactions of X-rays and the sample can be described by 

the Beer-Lambert law shown in Equation 4, where d is the sample thickness.  

𝐼 = 𝐼𝑜𝑒−𝜇𝑑    (4) 

There will be various levels of attenuation through the sample since it will likely be composed 

of a combination of elements, as in SSBs. These variations of X-ray flux will be registered by 

the detector and produce a 2D image of the sample called a radiograph. The detector contains 

a scintillator that converts the X-ray flux into an electronic signal that can be processed by 

computer. Areas in a radiograph that appear darker originate from a strongly attenuating 

portion while lighter areas indicate less X-ray attenuation.  

In the XCT scan, radiographs are collected in predetermined steps while the sample rotates. 

Each radiograph along the rotation is considered a projection, and a typical laboratory scan will 

contain thousands of projections. The projections are fed to a reconstruction algorithm that 

combines them into a 3D volume rendering, which is called a tomogram. A tomogram contains 

the attenuation data in grayscale voxels (volume pixels) so the full volume can be probed.  
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There are a variety of lab XCT machines commercially available with various levels of 

resolution. Choosing an XCT instrument to fit your experiment will depend on the size of the 

region of interest (ROI), the required field of view (FOV), sample density, and the time required 

to image the sample. There are various XCT machines within the electrochemical innovation 

lab (EIL), a breakdown of the XCT instruments available at the EIL is given in Table 1. 

Table 1 - Instrument breakdown of EIL XCT machines  

Instrument Nikon XTH225 ZEISS 

Xradia 620 Versa 

ZEISS 

Xradia 810 Ultra 

Max Spatial 

Resolution 

9 µm 500 nm 50 nm 

Corresponding  

Field of View 

6.4 mm 350 µm 64 µm 

Energy Range 30-225 kV 30-160 kV 5.4 kV 

Source W, Ag, Cu, Mo W Cr 

Average Time of 

Scan 

1-2 hrs 6-24 hrs 24-48 hrs 

 

Aside from lab based XCT, there are also synchrotron X-ray sources with highly advanced 

XCT equipment. Synchrotron-based XCT is often viewed as the gold standard since it provides 

high resolution over large FOVs in very short time compared to lab XCT machines.  In the 

field of SSB, many experiments have taken advantage of the power of XCT. Tracking cracks 

within a solid electrolyte for example is a popular use of XCT.  
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Figure 3.15 - 2D orthogonal slices tracking the cracking of a Li3PS4 pellet during cycling at a 

synchrotron. Reproduced from Reference 105.105 

 

As shown in Figure 3.15, researchers can track the cracking of the SE during cycling. This is 

helpful for understanding the degradation of SSBs throughout cycling and inform further 

research into the cycling conditions that lead to better performance. Other researchers have 

used XCT to observe different degradation mechanisms such as void formation and loss of 

interfacial contact80.  

XCT and subsequent data processing are powerful tools to quantify defects that arise within 

SSBs. Since XCT is non-invasive, researchers can visualize defects within a SSB during 

operation, and this technique pairs well with other measurements. For example, some 

researchers used EIS and the application of pressure with XCT to conduct experiments on the 
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relationship between pressure and ionic conductivity of SEs74. Like most techniques, a more 

complete understanding is gathered when utilizing multiple measurements in situ. More 

techniques can be partnered with XCT to understand the ideal pressures, temperatures, and 

cycling conditions to avoid damage to SSBs.  

XCT was done on pristine cells to observe the internal structure of the cells and on cycled cells 

to track degradation.  Most of the XCT imaging in this work was done with the Nikon XTH225 

(Nikon) and the ZEISS Xradia 620 Versa (Versa) XCT mahcines. Due to the nature of the work, 

where cell architectures and scanning parameters are constantly being optimized, there are not 

set parameters that are used for each XCT scan. There are however certain standards used to 

obtain high quality images from each machine; mainly related to the working voltage and 

detector saturation.  

For both XCT instruments, the goal was to get around 20% X-ray transmission through the 

sample to get good contrast without oversaturating the detector. The working voltage for both 

instruments was 80kV since this voltage gave a sufficient intensity through the cell yet is low 

enough energy to interact with the SE. Scans done on the Nikon XCT machine take under and 

hour while the Versa XCT machine scans took 4-8 hours. More is done in this work to optimize 

the scan time by reducing the needed projections and binning the detector data when possible.  

Synchrotron-based XCT was carried out across two beamlines at ESRF (The European 

Synchrotron): ID15A and ID19.145 An X-ray beam from a 17 pole undulator (peak energy at 

26.5 keV) was used at the ID19 Beamline. A LuAG screen was used as scintillator on a  CMOS 

detector, (PCO-edge 5.5, 2560 × 2160) was coupled with a ×10 magnification optic to reach 

an effective pixel size of 0.65 μm. A monochromatic X-ray beam with an energy of 72.5 keV 

was used at Beamline ID15A. A similar PCO-edge detector (2560 × 2160) with an effective 

pixel size of 0.70 μm was utilized. Since the field of view was sometimes less than the diameter 
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of the cell, the tomography scans were conducted with the center of the tomographic rotation 

at the edge of the recorded frame, to allow for an extended field of view, thus covering the 

entire cell diameter with a small pixel size.146 For both beamlines, the Nabu pipeline was used 

to compute the filtered back projections reconstructions.147 

3.5.2  X-ray Diffraction Computed Tomography  

X-ray diffraction computed tomography (XRD-CT) is a technique to obtain spatially resolved 

3D powder diffraction patterns using the principles of computed tomography. In XCT, the 

result of a 3D map of absorption is visualized as grayscale values, XRD-CT on the other hand 

produces 3D, spatially oriented diffraction information of the materials inside the sample. Each 

voxel contains a unique diffraction pattern, allowing researchers to study crystallographic 

heterogeneities and how they change during cell operation. X-ray diffraction (XRD) arises due 

to the interaction between incident X-rays and the periodic arrangement of atoms within a 

crystalline material. X-rays can constructively interfere upon scattering from atomic planes if 

the path difference of the outgoing waves is an integer multiple of the X-ray wavelength, a 

condition described by Bragg’s Law:  

𝑛𝜆 = 2𝑑 𝑠𝑖𝑛𝜃   (5) 

Where λ is the incident X-ray wavelength, d is the spacing between parallel lattice planes, θ is 

the diffraction angle, and n is an integer number. The resulting XRD pattern is unique to each 

crystalline material and enables identification as well as characterization. XRD-CT technique 

requires the use of high energy X-ray sources, so synchrotron X-ray sources are often utilized 

for faster acquisition times. In the setup of XRD-CT, a microfocused X-ray beam illuminates 

the sample which is rotated to collect average XRD patterns through the sample depth at each 

rotation (projection) angle. Subsequently, the sample is moved horizontally/vertically and the 

rotation repeated. Then, a filtered back projection approach is used to convert the XRD patterns 
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from the projection space into real space, like XCT. The setup and process of gathering XRD-

CT data is shown in Figure 3.16. 

 

 

Figure 3.16 - XRD-CT setup and data processing: A) Sample setup and collection of 2D 

diffraction patterns, B) Diffraction patterns for each scan as a function of spatial coordinates 

after azimuthal integration, C) Sinogram showing scattering intensity as a function of 

projection angle, D) Final reconstructed XRD-CT image after filtered back projection (FBP). 

Modified from citation 84.84 

  

Diffraction rings are captured by a flat panel detector (as shown in Figure 3.16A) as the sample 

rotates 180° then translated along the y-axis and creates a 2D cross-sectional map. For each 

spatial and projection angle (y, ω), the 2D scattering pattern is integrated over the azimuthal 

angle to produce an XRD pattern like the one shown in Figure 3.16B. The total scattering 

intensity is then collected as a function of (y, ω), constructing a sinogram for each 2θ value as 

shown in Figure 3.16C. Using a filtered back-projection (FBP) algorithm, the sinograms are 
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reconstructed to 2D vertical slice, where each pixel is a full diffraction pattern. For 2D 

measurements, the resulting sinogram contains 2D spatial information and 1D of diffraction. 

For the 3D measurements, 2D XRD-CT slices are collected through the height of the sample, 

resulting in a 4D matrix of data. If multiple scans are performed over time, a fifth dimension 

of time is introduced. 

Beyond material identification, the XRD patterns in the XRD-CT volume can also be utilized 

to study the elastic deformation within the SSE by tracking changes in the lattice parameter. 

The volumetric strain can be determined and converted into stress using the bulk modulus of 

the SSE allowing for a non-destructive assessment of internal mechanical stresses in the 

SSB.148,149 XRD-CT has been used extensively in LIB electrodes and other battery material to 

understand the structural and phase evolution during operation.150–154 This technique allows 

researchers to study the changes in crystallographic structures within electrodes to help 

understand degradation so that they can improve the performance and longevity of future 

batteries. 

The XRD-CT scan was carried out at beamline ID15A of ESRF, the European Synchrotron.145 

A monochromatic microfocused X-ray beam at 72.5 keV energy and a spot size of 10 µm x 5 

µm was used to illuminate the samples. A Pilatus3 X CdTe 2M area detector (Dectris) is used 

to collect the 2D XRD patterns. Azimuthal integration was conducted using pyFai, followed 

by tomographic FBP reconstruction, using an in-house Matlab script, to transform the data into 

Cartesian space through a FBP method. Strain analysis and plotting were performed with 

TOPAS-7, utilising Rietveld refinement at each voxel.155,156 

3.5.3  Neutron Computed Tomography 

Neutron computed tomography (NCT), like XCT, is a non-destructive imaging technique that 

generates 3D images of the internal structure of an object. The setup is very similar with a 
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sample setup between a detector and a source (but instead of X-rays) NCT uses neutrons which 

interact differently with materials, offering unique insights. 

 

Figure 3.17 - Schematic of X-ray and neutron interactions with matter. A) shows X-rays 

interacting with the electron cloud and B) shows incident neutrons interacting with the nucleus. 

 

The interaction of neutrons and X-rays with matter differ significantly, and this makes the 

techniques of XCT and NCT quite complementary. X-rays interact with the electron cloud of 

atoms, but neutrons primarily interact with atomic nuclei. This distinction, highlighted in the 

schematic in Figure 3.17, allows NCT to image elements that are difficult to detect with X-

rays, such as hydrogen and lithium.157 This distinction between the interactions between the 

different sources of radiation with matter has an effect on the mass attenuation coefficient 

introduced in Equation 3. The variation of mass attenuation coefficient for different elements 

is shown in Figure 3.18 and this variation will affect the contrast given for different elements.  
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Figure 3.18 - Comparison of mass attenuation coefficients for 45 keV X-rays and thermal 

neutrons (25 meV) as a function of atomic number, assuming natural isotopic abundances for 

the neutron cross-section. Reproduced from citation 158.158 

 

Another important distinction of NCT is the ability to differentiate between isotopes, stemming 

from the fact that the incoming neutron interacts with the nucleus of the atom. This is very 

powerful because not only can researchers see Li within their LIBs, but they can choose which 

Li they wish to see.159  

With these distinctions in the physics between X-rays and neutrons, there are also differences 

in the setup for NCT, as illustrated in Figure 3.19. 
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Figure 3.19 - Geometry of a neutron imaging experiment. Showing a pinhole with size D as the 

source, distance to the sample of L, and distance from sample to detector of l. 

 

In the setup of XCT, the sample would ideally be as close to the conical X-ray source as 

possible to take advantage of the geometric magnification as the signal travels to the detector. 

In contrast, the setup of NCT places the sample as close to the detector as possible. Highlighted 

in Figure 3.19, neutrons are emitted through a pinhole source of diameter D, traveling a distance 

L to the sample, where it interacts with the sample and then transmits over a path length l 

towards the detector. There is an important equation that will dictate the geometry of the NCT 

setup when attempting to optimize for high resolution (d) which is given in Equation 6.  

𝑑 = 𝑙 ∙ (
𝐿

𝐷
)

−1

      (6) 

When optimizing for high resolution NCT, the sample should be positioned as close as possible 

to the detector to minimize the path length l while the L/D ratio should be maximized by 

restricting the pinhole diameter (D) and increasing the propagation distance to the sample (L). 
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These optimizations towards high resolution also require longer exposure times which extends 

the scan times.157  

Neutron imaging, mainly ex situ or in situ tomography and operando radiography, has been 

applied to LIB research for studying the dynamics of cell gassing and Li mobility in various 

electrode types.160–168 Neutron imaging has also been used previously in various SE systems to 

visualize the transport of Li into electrodes and throughout the SE.159,169–175 The goal of 

tracking Li transport is looking for heterogeneities that would highlight areas of degradation, 

giving key insight into the mechanics of defect formation to avoid it in future productions.  

The neutron sources used in this work include both spallation sources and nuclear reactors, 

namely the ISIS neutron and muon spallation source in Oxfordshire, UK, and the Institut Laue-

Langevin (ILL) reactor source in Grenoble, France.158,176,177 

3.5.4  Pressure 

Pressure is a critical variable to consider in the utilization of SEs. High pressures are used to 

prepare SEs from powders into pellets. For oxide-based materials, formation pressures are 

around 200 MPa178 but for sulfide-based materials this pressure can be reduced to around 100 

MPa128. Formation pressure is highly affected by the material used, the average grain size, and 

the desired density of the SE. The conditions used to form the SE can have large effects on the 

pellet’s strength and therefore the lifetime of the SSB.  

Other than the formation pressures required to produce the SE pellet, it is sometimes reported 

that SSBs require external pressure during cycling for optimal electrochemical performance. 

Having the SSB under active pressure increases the contact between SE particles with 

themselves and the electrode interfaces. This leads to increased ionic conductivity and better 

cycling performance63,74,128. Researchers found that Li6PS5Cl at 80 ºC can achieve stable 

cycling at 0.5 mA cm-2 with an external pressure of 1 MPa which can increase to stable cycling 
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at 2.5 mA cm-2 with an active pressure of 5 MPa128. Researchers have also combined the 

techniques of XCT and EIS together to study the effects of pressure on the ionic conductivity 

of sulfide-based SEs. This study demonstrated that room-temperature pellet pressing can be 

visualised under high pressures utilizing in situ XCT. As the applied pressure is increased, the 

ionic conductivity rises74 

 

Figure 3.20 - Ionic conductivity verses applied pressure along with the corresponding XCT 

images of the sulfide-based solid electrolyte. Reproduced from Reference 74.74 
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Figure 3.20 from Kodama et al. shows the relationship between ionic conductivity and applied 

pressure on a S-SE. The ionic conductivity generally increases with increasing applied pressure. 

The interesting finding here is that the ionic conductivity appears to plateau around 120 MPa 

at room temperature, however it has been observed in other work that the ionic conductivity of 

Li6PS5Cl increases continuously up to pressures of 370 MPa.63 Pairing EIS and XCT gave great 

insight on the densification of S-SE; however, it is desirable to monitor the changing density 

using XCT where the weight could have been recorded and the exact volume could be extracted 

from the scan. Mapping the relationship between ionic conductivity and pressure beyond 120 

MPa would also be interesting, since other projects have observed benefits up to 370 MPa. 

Additionally, studying the change in ionic conductivity at various temperature conditions 

would be beneficial. This would be useful in finding a minimum temperature and pressure 

combination that produces a maximum ionic conductivity, informing future production of 

SSBs.  

The formation pressure can also influence the capacity retention of the SSB as shown by Doux 

et al. in Figure 3.21. 
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Figure 3.21 - Cycling stability (discharge capacity and coulombic efficiency verses cycle 

number) at C/10 of LiIn|Li6PS5Cl|NCA solid-state batteries at various fabrication pressures. 

Reproduced from Reference 63.63  

 

SSBs created with high formation pressure (or fabrication pressure), up to 370 MPa, have 

increased capacity retention than those made at a lower formation pressure of 50 MPa63. 

Testing the discharge capacity retention is good for understanding the degradation of the SSB 

in terms of how much capacity is lost over time. Relating this to the mechanical degradation, 

such as cracking, observed in other studies, would be a valuable addition to the understanding 

of how influential mechanical degradation is on capacity retention.  
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3.5.5  Temperature  

Temperature is an important parameter to consider for SSBs. It has been shown that the ionic 

conductivity is temperature dependent, and it is generally accepted this is an Arrhenius-like 

relationship. This Arrhenius temperature dependence124 of ionic conductivity is shown in 

Equation 7.  

𝜎𝑖𝑜𝑛(𝑇) = 𝜎𝑜(𝑇−1)exp (−
𝐸𝑎

𝑅𝑇
)      (7) 

Here, R is the universal gas constant, Ea is the activation energy, and σo(T
-1) is a model-

dependent coefficient, which contains a T-1
 dependency179. Temperature is also used in 

preparing SE pellets, where having high density of the pellet is crucial for reaching high current 

rate cycling. Some oxide-based materials are hot pressed at 1050 ºC or sintered after pressing 

at 1250 ºC for hours to reach the desired high densities178,180. Some researchers have explored 

sintering additives for oxide-based materials, such as B2O3 in 7LiLa3Zr2O12 which allows for 

high densification at temperatures as low as 750 ºC181. As discussed in Section 2.3.4 about 

sulfide-based solid electrolyte, S-SE are easier to densify than oxides. Because of this, Li6PS5Cl 

is typically not hot pressed and if sintered at all, they require only 300 ºC128. Achieving high 

densities is important for obtaining higher ionic conductivity. As an example of correlated EIS 

and temperature variation, Feng et al. utilized EIS was test the ionic conductivity of a pellet at 

various temperatures.181  

Temperature not only effects the efficiency of ion transport, but it can also play a role in 

maintaining interfacial contact during cycling. During the process of plating and stripping there 

can be a loss of contact at the Li6PS5Cl/Li interface and the formation of voids, this leads to 

rapid impedance increase and the failure of cells128. Researchers Spencer et al. demonstrated 

that at high temperatures, voiding and loss of interfacial contact is decreased, also showing the 

dependence of the current rate capability on temperature.128 Li| Li6PS5Cl |Li symmetric cells 
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were charged and discharged at an operating pressure of 1 MPa, the critical current before cell 

failure increased from <0.25 mA cm-2 at 25°C to 0.25 mA cm-2 at 60°C and 0.5 mA cm-2 at 

80°C128. 

As discussed above, temperature and pressure are key variables that greatly affect the 

cyclability of SSBs. The ideal pressure and temperature to form and run a SSB will depend on 

several variables such as the SE and the grainsize used. Having a method to test SEs rapidly 

and reliably under many combinations of temperature and pressure would help streamline the 

research into new materials.  

 

3.6  Summary 

There are various SEs that may be useful in SSBs of the future, such as the highly ionic 

conductive sulfides or the chemically stable oxides. There are also many techniques to monitor 

the health and quality of SSBs, using different techniques in conjunction with each other will 

tell a fuller story of the existing degradation mechanisms. SSBs have many failure mechanisms 

and shortcomings that can be probed with methods such as XCT, EIS, XRD-CT, and NCT. 

These faults are also shown in many cases to be greatly impacted by variables such as pressure 

and temperature. Exploring the variables and their relationship to the degradation of SSBs will 

give insight into future production of SSBs.  
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4  Total Volume Operando X-ray Computed Tomography   

4.1  Aim 

The transition to solid-state electrolytes (SEs) introduces novel degradation modalities, a 

mixture of chemical/electrochemical and mechanical, that need to be addressed before they 

will reach mass application. In this chapter, the degradation of solid-state batteries (SSBs) is 

investigated with a bespoke SSB cell designed for operando X-ray imaging and tomography. 

The PEEK in situ Press (PIP) cell enables unprecedented spatial and temporal resolution during 

operando X-ray computed tomography (XCT) experiments. The PIP cell operates with a 1 mm 

diameter solid electrolyte pellet, providing a spatial resolution of about 2.4 µm on typical lab-

based XCT experiments over the total volume of the SSB. Li| Li6PS5Cl |Li symmetric cells 

were investigated during various constant current cycling protocols and the cell shows 

markedly good cyclability compared to other examples in the literature35,80,90. The degradation 

of the SE was tracked throughout the entire volume during the experiment and showed spatial 

variation in crack formation that exemplifies the importance of full volume analysis. 

 

4.2  Experimental Setup  

The first step in evaluating the degradation of the commercial Li6PS5Cl argyrodite SE 

(Li6PS5Cl; 99.9%, Ampcera Inc.) was to gauge the sizes of the features of interest. To obtain 

an understanding of the morphology of the commercial powder, X-ray computed tomography 

(XCT) was performed on the loose powder before pellet formation. Since the Li6PS5Cl 

argyrodite powder is highly air sensitive, the powder was handled in an Ar filled glovebox, 

prepared into a Kapton tube and fully sealed with epoxy. The Kapton tube was then transferred 

in the ZEISS Xradia 620 Versa (Versa) XCT machine, which has various magnifications 
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available for use; 4 ×, 20 ×, and 40 ×. In Figure 4.1, the 4 × and corresponding 20 × images are 

compared for the loose argyrodite powder.   

 

 

Figure 4.1 - XCT images at A) 4 × and corresponding B) 20 × magnifications of loose Li6PS5Cl 

argyrodite powder. The tomography shows that agglomerates of Li6PS5Cl powder 100s of 

microns in diameter are present in the powder.  

   

This initial tomography was informative as it shows in the 4 × image that the argyrodite grains 

loosely agglomerate into clumps a few 100 µm in diameter while the 20 × image shows more 

clearly that the particles are below ~44 µm in diameter. The Li6PS5Cl powder from AmpceraTM 

is labelled as ~1 µm (D50, 325-mesh). This means that 50% of the grains are below ~1 µm and 

that it has been run through a 325-mesh sieve, meaning no particles should be above 44 µm. 

This seems to be consistent with the XCT findings, but nothing on the label would lead to 

expecting the few 100 µm agglomerates. These agglomerates are easy to visualize at lower 

resolutions, but to resolve the grains within them, of ~1 µm, a spatial resolution below 1 µm is 

ultimately desired. Due to the relationship between spatial resolution and the field of view 
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(FOV) being inversely proportional in XCT, the volume of the cell was minimized to match 

the FOV achievable with higher resolutions.    

Since various positive electrode materials have been used in the development of solid-state full 

cells, testing the stability the materials once they are exposed to sulfide-based materials is of 

interest. Electrochemical impedance spectroscopy (EIS) was used to probe the chemical 

stability of the solid-state full cell upon manufacturing. Figure 4.2 shows the EIS stability 

results of a lithium manganese oxide (LMO) and lithium nickel manganese oxide (LNMO) full 

cell.     

  

Figure 4.2 - Nyquist plots showing the EIS stability results of an (A) LMO/Li and (B) LNMO/Li 

full cell over time from manufacturing. Inlaid plots focus on a smaller impedance range for 

clarity. 

   

EIS was taken at 60 intervals from the point of fabrication, with 500 ms breaks in between. 

The results shown in Figure 4.2 are quite interesting, as they show LMO and LNMO have 

drastically different stabilities in the full cell system. The impedance of LMO starts off high 

and converges onto a lower value, suggesting a reaction that stabilizes with a less resistive 

interface. LNMO of the other hand starts off in a similar impedance range of the LMO but 

increases to an order of magnitude higher then LMO. With these initial findings, it appears that 



85 

 

LMO forms a more favourable interphase than a full cell with LNMO. However, as mentioned 

in previous electrochemical data, more replicates would have to be carried out to give these 

findings statistical significance. Furthermore, the cells created in these electrochemical tests 

struggle with mechanical integrity and reproducibility.   

The initial attempts at producing full-cell SSBs, Swagelok cells were utilized as discussed in 

Section 3.3.2 . Swagelok cells enabled the highest resolution XCT imaging in the Nikon 

XTH225 XCT machine over the total volume; however, good quality Swagelok cells proved 

difficult to produce. Figure 4.3 shows the first attempts (Figure 4.3A) and later attempts (Figure 

4.3B) of producing LMO full cells with commercial Li6PS5Cl argyrodite SE. Figure 4.3C 

shows additional attempts of producing LNMO full cells with commercial Li6PS5Cl argyrodite 

SE. All cells shown in Figure 4.3 are pristine, so the cracking shown is due to manufacturing 

defects.   

 

Figure 4.3 - Swagelok solid state full cells made with commercial Li6PS5Cl argyrodite. A) first 

attempt at LMO full cell, B) later attempt at LMO full cell with foils, and c) additional attempts 

at a LNMO full cell. 
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Changes were made in later attempts to reduce the cracking in Swagelok cells, such as the 

addition of current collector foils, as highlighted in Figure 4.3B. Regardless of the changes, it 

seemed difficult to make a SSB in a Swagelok cell without initial defects, which effects the 

reproducibility of cell manufacturing.    

When handling the pellet and cell with extreme care did not produce defect free pellets, more 

attention was given to the pellet formation process. To explore this, a pellet was produced, very 

carefully sealed in Kapton and sequentially imaged with the Nikon XTH225 XCT machine. 

Figure 4.4 shows the results of the imaged pellet.   

 

Figure 4.4 - Li6PS5Cl argyrodite pellet formed in a 3 mm die, carefully sealed in Kapton, and 

imaged to explore pellet formation in a die. 

  

Surprisingly, the pellet that was carefully handled after being formed in the die also contained 

significant cracks. This prompted investigation into the possibility of crack formation during 

the production of the SE pellet itself in the hope of finding a method of producing defect free 

SSBs.   
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4.3  In situ Pressing  

The colloquially named ‘in situ press’ is given its name from its function of being able to 

perform XCT on the cell during pellet formation. The in situ press was developed for use in 

the DEBEN CT5000TEC (DEBEN, UK) load stage which enables the application of pressure 

and temperature within the Versa XCT machine. Figure 4.5 shows the Deben load stage 

installed between the source and detector of the ZEISS Xradia Versa 620.   

 

Figure 4.5 - Deben CT5000-TEC load stage (Deben) installed between the source and detector 

of the ZEISS Xradia Versa 620. 

 

The Deben load stage is a computer controlled linear actuator with a 15 mm travel range and 

water circulation that adjusts the temperature. The housing also has a 360º carbon window to 

minimize X-ray attenuation. The Deben load stage is capable of applying loads up to 5000 N 
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over a temperature range of -20 ºC to 160 ºC. A blown-up schematic of the first in situ press 

with a 3 mm internal diameter is shown in Figure 4.6 below.    

 

Figure 4.6 - Schematic of 3 mm internal diameter in situ press architecture for producing 3 

mm diameter SE pellets from powders. 

   

The design of the in situ press is a 27 mm diameter cylinder of Polyether ether ketone (PEEK) 

with a 3 mm diameter centre bore through. The 27 mm outer diameter allowed the in situ press 

to fit on the Deben load stage and provided a large amount of PEEK to limit pellet deformation 

during the pressing process. With the special PEEK body, two stainless steel plungers, and O-

rings the in situ press allows the user to produce 3 mm diameter pellets of SE while imaging 

the process with XCT. PEEK has a high strength to avoid deforming under the immense 

pressures of pellet formation and a low density for ease of X-ray transmission.182 The in situ 

press is filled with SE in a glovebox and placed in the centre of the Deben load stage. While 

forming the pellet, it is possible to take a radiograph, and XCT images are taken before and 

after pressing. 
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Figure 4.7 - 3 mm diameter Li6PS5Cl argyrodite SE pellet being formed with in situ press at 

4000 N. 

  

In Figure 4.7, a projection of the 3 mm in situ press with commercial Li6PS5Cl argyrodite before 

and after pressing to 4000 N is shown. 4000 N over the 3 mm diameter area results in 565.9 

MPa pressure to form the pellet, which is much higher than suggested manufacturing pressures 

for Li6PS5Cl. (typically around 300 to 400 MPa63,114,183). Moreover, the resulting pellet had 

notability defect free morphology and subsequent pellets showed more promise in terms of 

reproducibility. The in situ press was further modified to include an insert to reduce the 

diameter further and achieve higher resolutions over the full volume.  

 

Figure 4.8 - The various geometries of the in situ press (B-D) compared to a pre-formed pellet 

in a Swagelok cell (A). A) 3 mm diameter pre-formed pellet in a Swagelok cell, versus in situ 

pressed pellets at B) 1 mm, C) 0.5 mm, and D) 0.35 mm diameters. All pellets were formed 

from the same commercial Li6PS5Cl.  
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As shown in Figure 4.8, in situ pressed cells show SE morphologies without the various cracks 

seen in the un-cycled pre-formed pellets within Swagelok cells. The ability to produce a cell 

with minimal pre-cycling defects (defects from manufacturing the SSB) is important when 

studying degradation and obtaining reproducible results as deconvoluting manufacturing 

defects with defects caused by electrochemical processes is difficult. The diameter of 0.35 mm 

was a goal for the use on the Versa XCT machine since this would obtain the maximum spatial 

resolution of the machine over the entire volume of the cell as shown in Figure 4.9.  

 

 

Figure 4.9 - LMO composite interface with Li6PS5Cl pellet at 500 nm spatial resolution. A) the 

greyscale X-ray tomography volume and B) the segmented dataset of electrolyte, positive 

electrode material, and voids. 

 

The smaller the SSB cell the better for full-volume XCT at high resolutions (such as that desired 

in systems utilising ~1 µm particle size SE) due to the trade-off between resolution and FOV: 

if the resolution is too low then features of interest cannot be identified and if the FOV is too 

small then the probed volume may not be representative of the system as a whole. Within the 
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various in situ press geometries, the 1 mm diameter press was the easiest to reproduce, 

providing an electrochemically representative cell that allows for scanning of the entire cell 

volume at sub-micron resolution to visualize nucleation and growth of cracks and pores within 

in the SE. The < 1 mm geometries could be further iterated to ease in the manufacturing of 

reproducible cells, but for now the 1 mm diameter provided a sufficiently small cell that enables 

investigation into the earliest stages of defect nucleation. This 1 mm diameter cell was explored 

further as it provides a more holistic view of degradation of the SSB compared to larger cell 

formats88,105, while increasing the temporal resolution for future operando studies. 

With all these findings, efforts were focused on producing a reproducible design of a such a 

cell, capable of full-volume sub-µm resolution XCT. The designed cell has been dubbed the 

PEEK in situ Press cell or PIP cell for short. For validation purposes, focus was kept on the 

production of Li/Li symmetric cells with sulphide SE optimised for 3D imaging. The design 

simplifies the materials processing/cell assembly steps and allows for investigation of 

densification of the SE pellet, reliable cycling, and optimal X-ray imaging. The following work 

shows the nucleation and progression of mechanical degradation in a Li| Li6PS5Cl |Li 

symmetric cell, from the as-assembled state, through cycling at increasing current densities. 

Overall, the PIP cell allows for a more thorough and efficient analysis of the dynamic processes 

involved in SSB degradation and will enable the high-resolution operando study of other 

promising SE materials. 

 

4.4  PIP Cell Construction and Operation  

The PEEK in situ Press (PIP) cell is a device that was developed for the formation of SE pellets 

within the operational SSB cell. In order to isolate degradation to the operando characterisation 

of interactions at the Li/SE interface, a symmetric Li| Li6PS5Cl |Li cell is chosen. The PIP cell 
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has in situ in the name because of the ability to observe the formation of the SE pellet under 

various temperatures and pressures. There are a wealth of cell designs to take inspiration from, 

some designed to optimize for diffraction/scattering studies184,185, others to enable high 

temporal resolution X-ray imaging studies of conventional LIBs186–189. The PIP cell focuses on 

providing a simplistic and versatile design to enhance the characterisation of SSBs at the 

various steps of its fabrication and cycling. While designing a cell for operando 

characterisations, several factors must be considered. First, the cell must be (electro)chemically 

inert with respect to the electrodes and electrolyte used. Additionally, the cell body needs to be 

of a lower density compared to the SE, so that it is less attenuating to X-rays, which optimizes 

X-ray imaging contrast and reduces artefacts.190 Moreover, the cell diameter must be small to 

enable full-field (total volume) scans of the cell, while maintaining a sub-µm spatial resolution 

required to visualize pores/cracks in the SE. Finally, the cell body needs to have mechanical 

properties to withstand the pressure/temperature for pressing the SE pellet within, as well as 

strains that develop during cell cycling. This last factor is insignificant if the SE pellets are 

prepared and sintered prior to assembly into the cell; however, past studies84 have shown that 

when the SE is reactive with air/moisture, the post-sintering assembly of the cell can introduce 

degradation in the cell prior to cycling; as exemplified in Figure 4.8A with a cracked uncycled 

pellet in a Swagelok cell. In this study, the Li6PS5Cl SE used is considered highly reactive, and 

therefore the SE powders are densified within the cell body (within an inert environment), 

avoiding exposure to air during the manufacturing to minimize pre-cycling degradation. 
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Figure 4.10 - Schematic representation of the 1 mm PIP cell and assembly housing. A) the 

assembly housing that holds the PIP cell for producing the SE pellet, B) the PIP cell which is 

used for operando imaging and electrochemistry, C) constant current cycling of a Li/Li 

symmetric cell at 0.1 mA cm-2, and D) X-ray computed tomography (XCT) of the lithium 

manganese oxide (LMO)/Li6PS5Cl/Li solid-state full-cell at various resolutions. 

 

Polyether ether ketone (PEEK) has been a popular choice of cell body for previous studies that 

require relatively low packing pressures and annealing temperatures63,74,191,192 as it has a tensile 

strength of ~95 GPa and a melting point of 343 °C,182 meaning it can withstand typical 

formation pressures for Li6PS5Cl SEs (around 300 to 400 MPa63,114,183). After pellet formation, 

the entire PIP insert can be heated to temperatures up to ~250 ºC to perform sintering of the 

pellet if required. The limitation of sintering temperature is introduced by the PEEK, which has 

a melting point of 343 °C but undergoes a glass transition at 143 °C, while maintaining a 

continuous service temperature (temperature for which mechanical properties are maintained) 

of 250 °C193. This thermal limitation indicates that pellets should not be formed at temperatures 

around 143 °C and thermal sintering should be limited to ~250 ºC to avoid permanent 

deformation. PIP cells were produced with the internal diameters of 1 mm with an objective to 
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attain a high spatial resolution (~2.4 µm in a lab-based source, ~750 nm with synchrotron 

radiation) while retaining the entire FOV of the SE. Though the design remains flexible and 

has been tested with internal diameters down to 350 µm, early results showed that fabrication 

using the 1 mm internal diameter cell was most reproducible.  

In situ imaging of the sintering of the SE pellet was enabled by the use of a load frame, the 

Deben load stage which is designed for in situ imaging within the Versa lab XCT machine used. 

The specifications of the Deben load stage, discussed in Section 4.3 , limited the maximum 

height of the PIP assembly to 15 mm. The SE pellet was filled inside a larger PEEK assembly 

housing, as shown in Figure 4.10A, which was designed to even the pressure distribution given 

by the plunger and reduce mechanical deformation of the SE prior to cycling. The fabrication 

process must occur in an Ar filled glove-box, and the assembly housing maintains this inert 

environment with the use of O-rings as the PIP cell is transferred into the load frame to be 

pressed at the required pressure/temperature, as illustrated in Figure 4.10A. Because the Deben 

load stage allows for imaging to be carried out during the compression process, the integrity of 

the cell body can be monitored and the user to study variations in fabrication conditions. As 

shown in Figure 4.11B, the cell can withstand pressures up to 637 MPa at room temperature 

without deforming significantly.  
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Figure 4.11 - In situ pellet formation in PIP cell with XCT, A) Pristine Li6PS5Cl before pellet 

formation, B) Li6PS5Cl pellet pressed to 637 MPa at room temperature without deforming 

significantly, and C) shows a hot pressed Li6PS5Cl pellet pressed to 637 MPa at 100 ºC. 

 

Due to PEEK’s temperature resistance, hot pressing of pellets is also possible. Figure 4.11C 

shows an extreme case of 637 MPa at 100 ºC, where the pellet appears to be very dense, but 

the fixture begins to deform. For assembly of the electrodes into the cell, care should be 

exercised during pressing to avoid cracking of the electrode/electrolyte, especially if the 

mechanical properties of the electrode and electrolyte are significantly different. For example, 

lithium is significantly more ductile than the ceramic Li6PS5Cl and therefore cannot be co-

pressed with the electrolyte. Thus, after pressing the SE in the assembly housing, the 1 mm PIP 

cell insert was taken out, and the 1 mm diameter electrodes (Li foil) added. Subsequently, the 

stainless-steel or titanium current collectors were placed in the 1 mm holes to assemble a 

symmetric cell. Finally, after adding the electrodes and current collectors, the entire cell was 

sealed with Kapton tape and epoxy glue as an extra precaution to further limit air exposure. 

Note that as stated before, this cell design is not limited to symmetric cells but can also be used 

for full cells with a positive electrode, as shown in Figure 4.10D.  
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An important advantage of compacting/densifying the SE in the cell within the assembly 

housing, apart from reducing pre-cycling degradation and the investigation of various 

fabrication procedures, is the presence of internal pressure between the cell walls and the SE. 

While several past studies have elucidated the role of axial or “stack” pressure in maintaining 

conformal interfacial contact between the SE and the electrodes90,194–197, the horizontal pressure 

on the SE can also play a role in determining the growth of cracks through the SE.198 Horizontal 

pressure can aid in creating cracks that are more tortuous, rather than penetrating straight 

through the thickness of the SE pellet. Such tortuous cracking, in turn, has an important role in 

reducing the propensity for the filling of Li metal into the cracks105, which then delays the 

eventual shorting of the cell. When the SE is pressed within the cell, such horizontal pressures 

exist between the cell wall and the SE, as opposed to a pre-pressed SE being assembled into 

the cell after being formed.  

  

4.5  Electrochemical Degradation of the PIP Cell 

After assembly, the PIP cell was cycled through alternate constant current plating and stripping 

steps, at increasing current densities. The formation pressure of the Li| Li6PS5Cl |Li cell was 

382 MPa, with no active pressure applied during cycling. Initial cycling was conducted at 0.3 

mA cm-2 and ramped up to 9.0 mA cm-2 over 88 cycles to expedite degradation. For context, a 

target of 3-4 mA cm-2 has been reported to be practical for most automotive applications.43  
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Figure 4.12 - Cycling and progression of mechanical degradation in the PIP cell. A) shows the 

voltage variation during constant current cycling over increasing current densities from 0.3 

mA cm-2 to 9 mA cm-2. B) tracks a vertical orthoslice through the XCT volume of the SE pellet 

after cycling at the various rates. The colour coding reflects the various current densities at 

which the cell was cycled. 

 

The cycling profile is shown in Figure 4.12A, with each current density colour coded for clarity 

and to match the corresponding XCT datasets acquired after each current density. The cycling 

was performed at constant currents from 0.3 mA cm-2 to 9 mA cm-2 ; the voltage variation 

originates from the change in current magnitude, current direction, and changes in resistance.  

Interestingly, the centre of the cell in the pristine state shows some cracks present at the top of 

the SE, close to the interface with Li (highlighted with a yellow arrow in Figure 4.12B). This 
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defect appears to have been caused by a chip on the plunger of the PIP cell. The bottom surface, 

on the other hand, is relatively defect free at the length scale of observation.  

Although a pre-deformed cell would not typically be considered a representative sample, the 

observation of defect formation during operation in this system highlights the importance of 

probing the full volume of degradation. Additionally, most cells would not have been fully 

characterised prior to cycling, and these pre-cycling defects are likely a significant contributor 

in cell-to-cell variation in performance, albeit often unnoticed. As observed in Figure 4.12B, 

the top, pre-cracked, portion of the cell seems relatively unchanged during the entirety of the 

experiment, while the bottom surface starts to increasingly develop cracks as cycling 

progresses. The formation of these cracks is highlighted by the red arrow in Figure 4.12B. This 

stark asymmetric degradation of a symmetric cell showcases the utility of scanning the entire 

volume in operando, as opposed to limited FOV characterisations. If observation was limited 

to only the bottom or top of this operational cell, the perceived findings would be completely 

different.  

With the 3D nature of XCT, the entire volume can be considered and produce enhanced 

statistics as well showing how defects evolve in 3D space. Figure 4.13 shows the 3D rendering 

of the void structure (including both voids and cracks) by comparing the pristine state of the 

Li| Li6PS5Cl |Li cell (Figure 4.13A, left) against the final state after 88 cycles (Figure 4.13C, 

right). Note that only voids larger than 10 voxels (> 8 µm pixel size) were considered 

significant, smaller voids were considered as noise. 
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Figure 4.13 - Depth profiling of the Li6PS5Cl symmetric cells. A) shows the segmented volume 

of voids (including both voids and cracks) in the pristine Li| Li6PS5Cl |Li cell, C) shows the 

segmented volume of voids in the same cell after 88 cycles at various current densities, and B) 

shows the void fraction throughout the entire depth and volume of the Li6PS5Cl pellet, with the 

inset showing the central region in magnified detail. The colours indicate the various current 

densities of each step and are the same colours used in Figure 4.12. 

 

It is noteworthy that the cracks formed at the bottom of the SE are in the form of planes 

perpendicular to the axial direction, as opposed to the commonly formed through-electrolyte 

cracks parallel to this axis. These horizontal cracks, or rifts, are not as detrimental to the cycling 

of the symmetric cell as the more axially puncturing cracks, which can cause short-circuiting. 

Comparing the pristine state to the cell after 88 cycles, an increase of misaligned void planes 

is observed towards the bottom of the SE, with slight increase of the initially observed voids 

near the centre. This is consistent with previous work, that shows that interfacial degradation 

is significantly larger than bulk degradation in SSBs84,199–201.  

For a more thorough quantification of the defects, the volume was analysed via profiling 

through the depth (Figure 4.13B and D, centre), where 0 and 1000 µm represent the boundary 

of the Li electrodes.  In this depth profile, we clearly see an increase in the volume fraction of 
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voids at the bottom interface through increased cycling, consistent with the formation of the 

large crack network there. The top crack is shown to slightly increase upon the first cycling 

period, then slightly reduce until the final 9 mA cm-2 step. Through the rest of the SE depth, 

the void fraction shows a steady increase in volume, until the final current density of 9 mA cm-

2, most voids forming at the bottom edge. In Figure 4.13B, the larger spikes in void volume 

fraction originate in areas that had a higher void fraction to begin with, showing that defects 

are typically evolving from areas of preexisting heterogeneity. Figure 4.13B inset shows a 

magnification of the depth profiling to highlight voids that have nucleated at the current density 

of 9 mA cm-2, evident from the peak around 200 µm depth that suddenly forms after the 9 mA 

cm-2 cycling step. 

Along with imaging the cell, the electrochemical impedance of the cell was also tracked 

throughout cycling. Intuitively, as the cell is cycled more, and at increasingly higher current 

densities, there appears the formation of more defects such as voids and cracks. However, as 

shown in Figure 4.14, the impedance of the cell continuously decreased with cycling, as the 

volume fraction of voids increased, from impedance around 25 kΩ decreasing to values below 

2 kΩ over the course of cycling.  
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Figure 4.14 - Electrochemical impedance spectroscopy (EIS) of the symmetric Li| Li6PS5Cl |Li 

cell. A) Nyquist plots of the symmetric Li| Li6PS5Cl |Li cell after the various constant current 

cycling procedures, B) shows the real component of impedance (Zreal) vs the segmented void 

fraction of the cell after the various constant current cycling procedures, and C) shows Zreal vs 

the current densities used in the electrochemical testing. B) and C) depict the relationship 

between the Rtot and the defect formation and current density step respectively.  

 

This can be explained by the creation of defects, especially close to the interface, which can be 

filled with Li metal which could decrease the overall impedance of the cell by increasing the 
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active surface area of the Li electrode or the lower contact resistance between the Li and SE. 

In the case of the symmetric cells used here, the cycling is largely unaffected by this Li 

deposition into defects, since the amount of Li available in the electrodes is significantly higher 

than the amount of Li being moved through the cell.  

These observations also have significant implications for SSB cycling, since the final failure 

of a cell is caused by Li metal filling a crack through the entire thickness of the SE, which 

electronically shorts the cell. Here, the defects are more horizontal in nature, producing a more 

tortuous path for Li to travel through the SE depth. Thus, while pressing the SE into a pellet 

within the cell body is beneficial for minimizing the parasitic reaction with air/moisture by 

limiting SE pellet handling, it also seems to play an important role in extending the life cycle 

and current capability of the SSB by favouring crack formation perpendicular to the direction 

of Li transport in the SE.    

 

4.6  Conclusions 

Here, a bespoke SSB cell designed for operando X-ray imaging and tomography was explored. 

The PEEK in situ Press (PIP) cell is a device that enables unprecedented spatial and temporal 

resolution during operando XCT experiments. It was developed for the formation of SE pellets 

within an operational SSB cell, simplifying the fabrication to reduce the impact of pre-cycling 

degradation. The PIP cell operates with a SE pellet of 1 mm diameter, providing a spatial 

resolution of about 2.4 µm on a lab-based XCT experiments or 750 nm utilising synchrotron 

radiation sources, both over the entire volume of the sample. The PIP cell enables investigation 

into the earliest stages of defect nucleation while providing a more representative view of 

degradation throughout the whole SSB. Li| Li6PS5Cl |Li symmetric cells were probed during 

various constant current cycling protocols and the degradation of the SE showed through-



103 

 

thickness spatial variation that highlights the importance of full volume characterisation. The 

PIP cell’s simple and transferable design allows it to explore various cell chemistries and 

geometries, even stemming to fields such as geology and pharmacology in the study of powder 

compaction.  
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5  Correlated Diffraction Resolved and X-ray Computed 

Tomography   

5.1  Aim 

In the previous chapter, a total-volume approach for monitoring the mechanical degradation 

modalities in SSBs was explored, here the goal will be to increase the amount of information 

gathered by introducing another non-destructive characterization technique; X-ray diffraction 

computed tomography (XRD-CT). As discussed previously, the novel degradation 

mechanisms in SSBs exist as both mechanical and chemical/electrochemical pathways, both 

producing heterogeneous deformation fields. Therefore, understanding these deformations 

requires a multimodal characterization approach sensitive to morphological degradation along 

with a mapping of the chemical environment present. Correlated XCT and XRD-CT imaging 

provides a non-destructive method to track propagation of cracks and voids while gathering 

phase information of the various chemical species within the SSB. Collecting a 3D volume of 

the structure and a 3D volume of diffraction patterns gives a wealth of information about the 

SSB during operation. Aside from the chemical information gathered with XRD-CT, there is 

also the ability to map strain fields by analyzing the deformation of the calculated lattice 

parameter. Providing this chemical and strain information will aid in deconvoluting the effects 

of SE manufacturing, cell assembly, and electrochemical deterioration to help better understand 

the factors that lead to SSB failure so that it can be avoided in future production. 

 

5.2  Ex situ Cell Shorting 

A majority of this section has been previously published as J. Hu, R. S. Young, B. Lukic, L. 

Broche, R. Jervis, P. R. Shearing, M. Di Michiel, P. J. Withers, A. Rettie, P. P. Paul, 

Quantifying Heterogeneous Degradation Pathways and Deformation Fields in Solid-State 
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Batteries. Adv. Energy Mater. 2024, 2404231. J. Hu and R. S. Young did a majority of the 

experimental work and data processing together, with J. Hu conducting a majority of the XRD 

refinements and reconstructions while R. S. Young conducted a majority of the morphology 

focused data processing and cell manufacturing.  

 

Two Li| Li6PS5Cl |Li cell symmetric cells were used for this correlated XRD-CT study. One 

cell was scanned in the pristine, as-assembled state (referred to as the pristine cell), while the 

second cell was cycled to failure (referred to as the shorted cell). The Li6PS5Cl pellets were 

pre-assembled and placed into Swagelok type cells as discussed in Section 3.3.2 . The Li6PS5Cl 

pellets were produced using a 3 mm diameter stainless steel die (MSE Supplies) where a 

uniaxial pressure of 280 MPa was applied via a hydraulic press (MTI, YLJ-15L) to compact 

about 6 mg of powder. The formed pellets were subsequently wrapped in carbon paper (AvCarb 

P50, Fuel Cell Store) and placed in an alumina crucible (Almath) before a 15 min annealing 

step at 300 °C under vacuum in a Buchi oven to densify the electrolyte pellets further. 

The shorted cell was cycled without additional stack pressure, at room temperature, with a 

current density of 0.3 mA cm−2. Alternate plating and stripping of Li was performed before the 

cell electrically shorted after ~12 h. 
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Figure 5.1 - Ex situ XCT analysis. Morphology of a 3 mm diameter Li₆PS₅Cl pellet is shown in 

A) the pristine state of a Li| Li6PS5Cl |Li symmetric cell verses B) the post cycling shorted state. 

C) displays the constant current cycling at 0.3 mA cm-2 and the corresponding voltage response 

of the cycled cell shown in B). Further mechanical degradation in the cycled cell is shown in 

D). The slices of D) are highlighted in green and purple which show their position within the 

pellet within B). A large crack that spans the full thickness is highlighted in magenta.   

 

Similar to the previous chapter, Figure 5.1 shows the morphology of the pristine cell compared 

to a cell that was cycled to failure (the shorted cell). The pristine cell appears largely uniform, 

with very few voids while the shorted cell displays numerous cracks. Many of these cracks 

span the diameter of the cell as shown in Figure 5.1B and some cracks penetrate the entire 

thickness of the SE pellet, such as the magenta highlighted crack in Figure 5.1D. Short 
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circuiting of the cell likely occurred through one or more of these pathways. The exact physical 

path for electrical shorting of the cell is unclear because the Li metal is not visible, so all cracks 

extending the height of the SE pellet are equally likely sites for this failure event. It is important 

to note that the cracks shown here do not represent all such features across length scales present 

in the SE; only features above ∼5 µm could be reliably segmented due to the voxel size of 0.7 

µm. The difference in morphological degradation between the pristine cell and shorted cell are 

clearly visible. However, additional data from XRD-CT will hopefully provide further insight 

into the mechanisms behind this degradation. 

 

 

Figure 5.2 - XCT and XRD-CT correlation flow to display the various datasets available and 

how to they can be visualized. 
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The workflow of a correlated XRD-CT and XCT study is highlighted in Figure 5.2. In the 

correlated XCT and XRD-CT study, the pristine volume is first scanned to obtain a baseline. 

After the electrochemical testing is done, or during if one can achieve high enough temporal 

resolution, the post-cycled volume can be scanned. XRD-CT will provide volumes of both the 

chemical composition and of the strain that can be paired together to look for correlations that 

may better explain the phenomena observed during electrochemical testing.  

 

 

Figure 5.3 - Depth-resolved degradation analysis at the Li/Li₆PS₅Cl interfaces. A) shows the 

fraction of defects in the pristine and shorted cells as a function of depth from the Li metal 

interface (0 µm). B) shows the phase segmentation of the shorted cell as a function of depth 

showcasing the various compositions found at the interface and their respective volume 

fractions. The dashed orange box represents the depth being shown in B) for perspective.      

 

Since data is gathered throughout the volume of the SE, profiling the depth for voids and 

defects is possible as shown in Figure 5.3A. Figure 5.3A shows the fraction of cracks and voids 

as a function of depth from the Li metal interface for both the pristine (in red) and the shorted 

cell (in blue). The lack of fluctuation in the pristine is representative of a well formed, minimal 

defect SE pellet. The shorted cell has a significantly larger fraction of cracks and voids near 

Li/Li6PS5Cl interfaces (>20%), compared to the SE bulk (∼1-2%). XRD-CT was collected in 

the volume near the Li/Li6PS5Cl interface, in the volume highlighted by the orange dash in 
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Figure 5.3A. The XRD-CT results, shown in Figure 5.3B, are plotted here as the volume 

fraction of various phases verses depth in the sample relative to the Li metal interface.  

Figure 5.3B shows the phase fractions of the SE, and various degradation products as a function 

of the distance from the Li/Li6PS5Cl interface. These fractions were obtained by averaging the 

phase fractions for every phase over the entire cross-section at each depth of XRD-CT 

measurement. Close to the interface, a decrease in the volume fraction of Li6PS5Cl is observed, 

coinciding with an increase in many minor phase fractions. The amount of Li was obtained by 

segmentation of the XCT slices corresponding to the appropriate XRD-CT slice, because 

quantification of Li using the XRD signal was challenging. Some phases of interest include 

Li2CO3, LiCl, Li3C2, Li3P and Li2S, believed to be a combination of air exposure and/or 

decomposition products. LiCl and Li2S show a noticeable increase close to the interface, though 

not as pronounced as Li2CO3. There are also phases believed to be from the annealing step 

during heat treatment (Li2C2 and graphite). The Li3P and Li2S are considered as the 

electrochemical degradation products expected from Li6PS5Cl in contact with Li.86 The 

reaction of the SE with Li metal appears greatest at the interface, thereby forming various 

characteristic reaction products. Additionally, air exposure (from cell manufacturing or leakage) 

occurs over time and areas with a higher concentration of cracks, such as the outer surface of 

the pellet or the Li/Li6PS5Cl interface, giving these areas a higher potential for reaction with 

air to form Li2CO3.  
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Figure 5.4 – XCT and XRD-CT comparison within the Li| Li6PS5Cl |Li symmetric cell. A) shows 

an XCT slice through the Li6PS5Cl pellet highlighting some cracks in the green circle. B) shows 

the XRD-CT reconstruction at the same slice as A) with intensities focused on the Li6PS5Cl 

peak, the colorbar here is in arbitrary units and proportional to the volume of the material. A 

noticeable void of Li6PS5Cl is highlighted with a purple circle in B). C) and D) are the same 

slice XRD-CT but focused on the peaks of Li2CO3, and LiCl respectively. The colorbars in C) 

and D) denote the volume % of that phase within the XRD-CT reconstruction. 

 

Figure 5.4 shows a representative XCT slice of the shorted cell and the corresponding XRD-

CT phase maps for a cross-section 120 µm from the Li/Li6PS5Cl interface. Several cracks are 

present in the XCT of Figure 5.4A (circled in green) which help correlate to the cracks in the 

Li6PS5Cl phase map of Figure 5.4B. Also, in the Li6PS5Cl phase map of Figure 5.4B is a region 

with a relatively low amount of Li6PS5Cl (circled in purple). However, it is evident by 

comparison with the XCT slice that this region has a density similar to Li6PS5Cl and is therefore 

not a void. Other XRD-CT phase maps (Figure 5.4C and D) show this region to be rich in 



111 

 

Li2CO3 and LiCl. LiCl is a commonly used precursor for synthesising Li6PS5Cl, with indicates 

pockets of unreacted precursor material within the SE pellet, unobserved by XCT alone.75 

Therefore, this low Li6PS5Cl volume fraction region is likely from unreacted precursor 

materials which are also extremely air sensitive and can react with small amounts of CO2 to 

form Li2CO3. Additionally, LiCl could also be a product resulting from air exposure of the SE 

pellet.86 

 

 

Figure 5.5 - XRD-CT reconstructions of pristine Li| Li6PS5Cl |Li symmetric cell. A) XRD-CT 

slice with intensities focused on the Li6PS5Cl peak, B) and C) show the same XRD-CT slice 

focused on the peaks of LiCl and Li2CO3 respectively. Colorbars denote the volume % of each 

phase within the reconstruction. 

 

When comparing the shorted cell in Figure 5.4 to a pristine cell of the same composition, a 

better understanding of what phases originate during cycling can be discerned. The XRD-CT 

reconstructions in Figure 5.5 show a slice through a pristine Li| Li6PS5Cl |Li cell symmetric 

cell, focusing on the Li6PS5Cl, LiCl, and Li2CO3 phases in Figure 5.5A-C respectively. The 

key difference in the pristine dataset is that there is a lack of defects/features, similarly to the 

XCT dataset. The reconstructions in Figure 5.5 appear more homogenous than the shorted cell 

in Figure 5.4 which had more localized signal of LiCl and Li2CO3 phases. 
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Figure 5.6 - Example of the quantification of strain. A) shows the depth of which the XRD-CT 

data was acquired relative to the Li6PS5Cl pellet, B) shows the resultant elastic strain and 

stress in Li6PS5Cl due to the degradation of the Li/Li6PS5Cl interface, and C) shows an example 

of a produced XRD pattern and the resulting fit from refinement.  

 

XRD-CT also permits the calculation of 3D volumetric strain, by tracking the change in unit 

cell volume of any phase identified in XRD. Therefore, the strain across the cross-section and 

through the depth of the SE pellet was also measured as shown in Figure 5.6B. The change in 

the unit cell volume of Li6PS5Cl at each voxel was monitored within the region highlighted in 

Figure 5.6A and compared to the mean unit cell volume of Li6PS5Cl in the bulk of the pellet to 

calculate the volumetric strain as shown in Equation 8. 
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𝜀 =  
𝑎𝐿𝑖6𝑃𝑆5𝐶𝑙

3 − 𝑎𝑚𝑒𝑎𝑛
3

𝑎𝑚𝑒𝑎𝑛
3        (8) 

 

where, a represents the lattice parameter of Li6PS5Cl at every voxel obtained from XRD 

refinement (an example given in Figure 5.6C), and amean stands for the reference lattice 

parameter. This volumetric strain was then converted into the volumetric stress using the bulk 

modulus (K) of Li6PS5Cl. Elastic volumetric strain was measured using the Li₆PS₅Cl phase, 

chosen for its dominant and intense XRD peaks, though similar calculations can be performed 

for other phases. The mean unit cell values were determined for each cross-sectional area using 

a weighted mean to account for variations in Li₆PS₅Cl distribution. In the shorted cell, the bulk 

SE was assumed to be stress-free. To determine the reference unit cell volume of Li₆PS₅Cl, 

regions beyond 15 µm from the interface were used, as mean values remained stable (<0.1% 

variation) at these distances, representing the bulk. This method estimates the equivalent 

isotropic volumetric strain, providing an isotropic approximation of the 3D stress, though 

actual stress distribution is not perfectly isotropic. 

The Li/Li₆PS₅Cl interface has been shown here to exhibit significantly greater morphological, 

chemical, and electrochemical degradation than the bulk SE. In Figure 5.6B, the pristine cell 

(red dotted line) stress remained near zero at all depths; consistent with minimal cracking and 

limited chemical reactions. In contrast, the shorted cell (blue dotted line) exhibited a small 

negative mean stress until reaching the interface, where both the mean and variance increased 

sharply, with the mean stress becoming positive. The greater stress variation near the interface 

indicates a more heterogeneous stress field, likely due to a higher concentration of defects, 

stronger heterogeneities around individual degradation sites, or both. For the pristine cell, 

XRD-CT was not performed for the entire volume because XCT did not reveal significant 
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degradation at the ~10 µm length scale of XRD-CT. Instead, the phase fraction and strain for 

the pristine cell were calculated from the average of sub-volumes located at approximately 10 

µm and 100 µm from the Li/Li6PS5Cl interface. 

Converting the volumetric strain into the equivalent stress using the bulk modulus of Li6PS5Cl 

(18.4 GPa)202, the mean value of stress closest to 0 µm is ~30 MPa which is more than an order 

of magnitude larger than the yield stress for macroscopic Li (~1 MPa)203,204. The range of strain 

at a depth of 15 µm, adjacent to the Li electrode, is between -0.04% to about +0.15%, which is 

within same range reported by Ning et al.90 Thus, at the interface, the degradation results in a 

mechanical stress field sufficient to push metallic Li into any cracks that have formed at that 

interface. Around deformation sites, this value is even higher, as evidenced by the large 

variation in the stress. It is also important to note that the elastic limit of Li is size dependent205 

as well as temperature and stress-rate dependent206, with values over a couple of orders of 

magnitude being reported. 

As observed with correlated XCT and XRD-CT measurements, several factors contribute to 

high deformation (stress). These include cycling, air exposure during cell assembly, and SE 

processing. Swagelok-style cells are commonly used for studying air-sensitive materials and 

electrochemical devices.106,207 When assembled in an inert-gas glovebox, degradation is often 

attributed solely to cycling. However, XRD-CT analysis reveals that both SE processing and 

cell assembly have an influence on how SSBs degrade; highlighting that material processing 

and assembly conditions can substantially impact cell behaviour.  

In the case of Chapter 4, the PIP cell showed much higher resistance to electrochemical shorting 

and was able to cycle for 88 cycles, up to 9.0 mA cm-2 without shorting. Both cells were made 

with the same commercial Li₆PS₅Cl material, just with different pellet formation procedures 
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and cell designs. In the next section, the influence of the PIP cell design on the performance of 

Li| Li6PS5Cl |Li cell symmetric cells is explored using XRD-CT. 

 

5.3  Stresses Generated in the PIP Cell 

The total volume XCT of the PIP cell in the previous chapter demonstrated that horizontal 

cracks in the cell over repeated cycling and increased current densities do not immediately 

short the cell but instead decreased the impedance with subsequent cycling. Cell failure via an 

internal short occurs when an axial crack penetrates entire thickness of the SE pellet, allowing 

electrical contact of the electrodes via Li filaments. Mechanically, two conditions must be met 

for cell failure to occur:  

(i) There must be an axial crack that extends through the SE pellet thickness. 

(ii) The stresses generated around such a crack must be high enough to push metallic Li 

into the crack, forming an electronically conductive pathway for short circuiting the 

cell.  

In the case of the PIP cell, we see that condition (i) has not been met, due to cracks that develop 

during cycling largely being horizontal. This is in contrast to larger diameter cells pre-

assembled in Section 5.2 (pressed into a 3 mm die) using the same raw materials and cell 

configuration (Li| Li6PS5Cl |Li), where numerous cracks were seen throughout the SE volume, 

but more importantly, ‘critical cracks’ through the SE thickness which caused cell failure in 5 

cycles at a current density of 0.3 mA cm-2.84   

While a smaller cell is best suited for full-volume operando characterisation, it needs to be 

balanced against the challenges of having an electrochemically functioning SSB such as 

reactivity at the Li/SE interface, the evolution of cracks/voids, and maintaining interfacial 

contact between the SE and Li metal. Further investigation on the effects of the geometry of 
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the PIP cell via X-ray diffraction computed tomography (XRD-CT) and finite element analysis 

(FEA) explore the role of internal stresses generated within the PIP cell in influencing the 

electrochemical behaviour throughout cycling.  

The XRD-CT scan was carried out at beamline ID15A of ESRF, the European Synchrotron. A 

monochromatic microfocused X-ray beam at 72.5 keV energy and a spot size of 10 µm x 5 µm 

was used to illuminate the samples. A Pilatus3 X CdTe 2M area detector (Dectris) is used to 

collect the 2D XRD patterns. Azimuthal integration was broken into two segments (as shown 

in Figure 5.7), taken here as horizontal (parallel with electrodes) and axial (perpendicular to 

electrodes) from [15º:345º] plus [165º:195º] and [75º:105º] plus [255º:285º] respectively.  

 

 

Figure 5.7 - Segmentation of azimuthal integration for the horizontal and axial reconstructions. 

 

The integrations of the horizontal and axial components were conducted using pyFai. Here the 

horizontal component is taken as the convolution of the radial and angular strains which are 

non-invariant to the rotations about the tomographic axis while axial is separate and invariant. 



117 

 

Tomographic reconstruction was performed using an in-house Matlab script to transform the 

data into Cartesian space through a filtered back projection method. Strain analysis and plotting 

were performed with TOPAS-7, utilising Rietveld refinement at each voxel. Figure 5.8A 

provides a visual representation of the core, middle, and edge binning of the Li6PS5Cl pellet.  

 

Figure 5.8 - XRD-CT analysis and tracking of lattice parameter in 100 µm depth from the Li 

interface. A) Visualization of core, middle, and edge of pellet volume used for XRD binning, B) 

lattice parameter of Li6PS5Cl and error broken into horizontal and axial components through 

a 100 µm depth from the Li interface.  

 

Figure 5.8B also provides the tracking of lattice parameter through the 100 µm depth from the 

Li interface with associated errors and an example of XRD fitting in TOPAS-7 can be found 

in Figure 5.6C. 
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Figure 5.9 - Residual strain in a sub-volume of the pristine Li| Li6PS5Cl |Li cell as calculated 

via XRD-CT. A) shows the areas the volume was segmented and the strain broken into 

horizontal (circles, solid lines) and axial components (squares, dashed lines) and from 

sampling the core (purple), middle (red) and edge (pink) zones of the pellet in concentric circles. 

B) shows the horizontal and axial components plotted as strain verse binned volume where 

each line represents a depth. 

 

To investigate residual strain that is maintained in the material after cell assembly, XRD-CT 

data was utilized from the pristine Li| Li6PS5Cl |Li cell. Figure 5.9 shows the strain of the pellet 

in a depth of 100 µm from an interface with Li, separated in the horizontal and axial directions 

by segmenting the azimuthal integration into two perpendicular segments as described in 
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Figure 5.7. The elastic strain was calculated by dividing the measured the unit cell volume in 

this experiment by that of a strain-free SE pellet 148,149. Hu et al. used the same source of 

precursor materials of Li6PS5Cl, assembled into a standard Swagelok cell, which yielded a 

mean unit cell volume of 956.3 Å3 in an unstressed state84. Interestingly, most of the fluctuation 

in strain is seen 20 µm from the Li interface, where both axial and horizontal components 

showed compressive strain. Deeper into the pellet, the unit cell volume is at a compressive 

strain in the axial direction, while it is primarily in a tensile state in the horizontal direction. 

However, when looking at the axial data in Figure 5.9A, 20 µm from the Li interface seems to 

be an outlier in an otherwise similarly strained pellet. During the pellet making process it is 

reasonable to believe that the area closest to the interface may relax, from processes such as 

plunger removal. If 20 µm is then considered an outlier, the trend in the horizontal data is much 

clearer.  

In Figure 5.9B horizontal data, the bulk is under tension, however, the areas closest to the 

interface and closest to the edge are in a more compressed state (still until tension relative to 

the strain-free). These trends are also shown in Figure 5.9C and Figure 5.9D, suggesting that 

there is a force in the horizontal direction, effecting more the edge, which is compressing the 

Li6PS5Cl lattice. It seems likely that the stress imposed on the pellet during formation are at 

least partially retained in the material when assessed with XRD-CT after the pressing process. 

Note that other studies performed a pellet formation within the SSB cell when characterising 

SE materials and will experience a similar phenomenon63,114. Figure 5.10A shows the FEA 

results of Li6PS5Cl pellet formation within a 1 mm PIP cell, showing significant stress at the 

top of the pellet and the stress contours generated from the transmission of the force throughout 

the volume of the SE. 
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Figure 5.10 - FEA of the PIP cell during Li6PS5Cl pellet formation, highlighting the stress 

contours generated by applying the compressive pressure of 382 MPa as simulated in CalculiX. 

A) shows the 1 mm PIP cell modelled after the experimental geometry in Chapter 4, B) and C) 

model the same force applied over 3 mm and 5 mm diameter pellets respectively 

 

FEA was performed using the CalculiX version 2.21 solver, where axisymmetric non-linear 

conditions were assumed. The PEEK walls of the PIP were modelled as two springs: one in the 

horizontal direction pushing towards the pellet and one in the axial direction pushing towards 
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the piston. The spring constant of the force acting in the horizontal direction was directly related 

to the material properties of PEEK.182 The spring constant acting in the axial direction was 

equated to 1% of the pressure applied by the top piston, which was derived using the 

calculations of forces within similar systems as described by Thomas et al.208 These 

calculations assumed a loss coefficient of 0.01 and a transfer ratio of 0.1 within the SE. The 

SE material was modelled as solid Li6PS5Cl since only 1.3% of the pellet was determined via 

XCT segmentation to be voids after compression.  

The stress contours modelled in Figure 5.10A show heterogeneity throughout the thickness of 

the pellet during pressing and indicate a horizontal component to the stress as some force is 

distributed into the PEEK walls. This is particularly evident at the top interface of the pellet / 

press. A consequence of forming the pellet within the eventual cell casing is that these forces 

have the potential to be maintained and effect the performance of the SSB.  

These different effects of axial and horizontal strains are significant in terms of cell behaviour. 

Axial strains promote the growth of cracks through the SE thickness, which in turn are 

candidates for shorting the cell via subsequent filling of metallic Li. On the other hand, 

horizontal strains result in deflection of cracks horizontally, with fractures following the stress 

contours developed in pellet formation, delaying the formation of critical cracks through its 

thickness. Additionally, previous work has shown that the filling of metallic Li is more 

challenging in the more tortuous cracks.106,198 Horizontal stress heterogeneity generated from 

the PIP cell seems to have aided in prolonging cycle life of Li6PS5Cl in this study, but another 

variable to account for is the thickness of the SE pellet. A relatively large amount of Li6PS5Cl 

was used in this PIP due to the difficulties in making such a small diameter electrolyte pellet 

thin. This resulted in a thicker pellet than would be typically used in a SSB (reduced to 

minimise ionic resistance) and also results in a lower force transmission to the other end of the 
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pellet. For SSBs to have a high energy density, materials that do not contribute to capacity must 

be minimized, meaning that SEs will have to be made as thin as possible209–211.  

The expected transmission ratio, which is defined as the ratio of stress applied at one end of 

the pellet to the stress transmitted to the opposite end of the pellet, should range from 0.8-0.9 

as determined by Michrafy et al. for a system such as the PIP cell (where there is one fixed end 

and one moveable plunger applying force during pressing)212. The FEA performed for the 1 

mm PIP cell determined the transmission ratio to be 0.59, indicating that 41% of the load 

applied at the top of the pellet was dispersed throughout the system before making it to the 

other end of the pellet. However, the simulated transmission ratio is highly sensitive to the 

assumptions of the model, the loss in forces transmitted can largely be attributed to friction 

between the outer surface of the pellet and the walls of the PEEK body, varying with changes 

in pellet thickness. Similar to findings by Thomas et al., this stress transmission loss is non-

homogenous throughout the volume of the pellet and the thickness of the pellet208.  

In addition, the FEA predicts particularly high stress at the pellet interfaces with plungers which 

indicates a higher probability of defect formation in the top 10% of the pellet thickness, an 

effect which would be minimized when the width-to-height ratio is increased due to the way 

the forces are transmitted. Figure 5.10B and Figure 5.10C show the FEA results for 3 mm and 

5 mm pellet geometries, respectively, along with the corresponding modelled stress contours. 

The other geometries show that just as pellet thickness and diameter are important factors in 

electrochemical performance of the SSB, they will also have a substantial effect on the stress 

contours developed in pellet formation within a cell, and therefore the degradation during 

cycling. 
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5.4  Conclusions  

Here, correlated XCT and XRD-CT methods were utilized to investigate degradation in Li| 

Li6PS5Cl |Li cell cells. Degradation near the interface is significantly greater than in the bulk 

SE, affecting its morphology, chemistry, and electrochemistry. This interfacial degradation 

induces elevated stresses, reaching an order of magnitude higher than the yield stress of Li. A 

combined experimental and modelling approach, utilizing XCT, XRD-CT, and FEA, was used 

to examine how SE pellet formation influenced defect propagation in the SE within an 

operational cell. Degradation phases were identified, and the resulting deformation was 

quantified, providing guidance for prioritizing defect mitigation strategies. Pellet thickness and 

diameter, which are critical to the electrochemical performance of the SSB, also significantly 

affected stress contours during pellet formation, impacting defect formation during cycling. 

The integration of XCT imaging, XRD-CT, and FEA modelling highlighted the significant 

influence of cell geometry and force distributions on SSE performance and degradation during 

pressing and cycling. 
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6  Towards Operando Correlated X-ray and Neutron Tomography 

6.1  Aim 

The formation of mechanical defects in SEs, such as the generation of voids and the 

propagation of Li dendrites, continues to be a major barrier for the application of SSBs. 50,198 

Imaging techniques such as scanning electron microscopy (SEM), transmission electron 

microscopy (TEM), and X-ray computed tomography (XCT) have proven useful in 

understanding the distribution, nucleation, and propagation of voids/dendrites within the SE 

pellets.213–217 Diaz et al. utilized ex situ SEM to show that bulky dendrites appear near the pore-

type defects while the thinner dendrites follow the shape of grain boundaries.216 

While SEM achieves incredibly high spatial resolutions of < 100 nm and can probe small 3D 

volumes with focused ion beam (FIB) milling, the technique is destructive in nature and often 

limited to ex situ measurements. In contrast, XCT is a non-destructive imaging technique that 

can probe 3D volumes in operando conditions during the SSB cycling. The limitation of XCT 

in the context of tracking Li dendrite propagation is that attenuation based XCT struggles to 

identify low-Z materials such as Li; this means that distinguishing between an empty void in 

the SE and a void filled with Li is difficult. Neutron computed tomography (NCT) is another 

non-destructive 3D imaging technique which is sensitive to some low-Z elements such as H 

and Li, which allows researchers to observe the migration of Li throughout the volume of the 

SE during operation.166,169,172 Neutron imaging has been utilized in various SE systems to 

visualize the transport of Li into electrodes and throughout the SE.159,169,171–175 Tracking Li 

transport and highlighting spatial heterogeneities gives key insights into defect formation, but 

these studies are often limited by the achievable temporal and spatial resolutions of neutron 

imaging.218  
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This work focuses on the correlation between XCT and NCT, as well as the optimization of 

experiments towards operando conditions. By utilizing both X-rays and neutrons, the 

experiment obtains the benefits of high spatial resolution and the ability to image low-Z 

materials. With the development of a bespoke cell, careful choice of materials, use of limited 

projections, and iterative reconstruction techniques, the spatiotemporal resolution is 

maximized to aid in the observation of the dynamic degradation processes of SSB cycling. This 

allowed for the probing of SSB degradation   

 

6.2  Cell Development 

Specific cells were developed for use in both X-ray and neutron imaging. The process of 

producing a cell optimized for high spatiotemporal resolution starts with careful consideration 

of the materials, the system, and the imaging geometry. To begin the development, this work 

started with a previous cell geometry for inspiration, the 3 mm Swagelok cell used in previous 

electrochemical works. 105,116,194,219 The small diameter of the Swagelok cell ensures higher 

transmission through the cell, limiting exposure times needed for both neutron and X-ray 

imaging, while also allowing a large representative volume to be examined at high resolutions. 

A standard Swagelok cell consists of perfluoroalkoxy alkane (PFA) and is ~ 3.6 cm long, 

machined from a PFA-220-6 Swagelok union with stainless-steel (SS) rods as electrodes.115 

Being a fluoropolymer with a density of 2.12 - 2.17 g cm-3, PFA is a very low attenuating 

material that serves well as a casing for X-ray and neutron imaging.220 Here, achievable 

resolution is ultimately determined by the resolution of the current state of the art detectors 

such as the sub-4μm spatial resolution single-crystal thin-film scintillation detector at ILL, the 

Swagelok design was modified to optimize the imaging geometry with this detector.221 A 

schematic of the modified Swagelok cell is shown in Figure 6.1. 
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Figure 6.1 - Swagelok cell design. A) shows a schematic of the modified Swagelok cell for 

neutron imaging, while B) is an internal view of the Swagelok cell showing a Li/Li symmetric 

cell. C), D), and E) cross-sectional images from neutron tomography acquired at IMAT, ISIS, 

UK. C) is a NatLi/6Li symmetric cell with a stainless-steel outer casing, D) is a 7Li/6Li symmetric 

cell with a PTFE casing, E) is a NatLi/7Li symmetric cell with a titanium outer casing. 

 

The body of this modified Swagelok cell was made long enough that the Swagelok components 

do not impede the sample being placed as close as possible to the detector, maximizing spatial 

resolution. The material of the body was a total of 6.35 cm long while the original is about 6.7 

mm long, reducing the distance from sample-to-detector to ~7 mm which led to high resolution 

images. The geometric effects on resolution (d) dictated by the NCT setup is given in Equation 

6 in Section 3.5.3 .  

When optimizing for high spatial resolution NCT, the sample should be positioned as close as 

possible to the detector to minimize the path length l, additionally the L/D ratio (beam 
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collimation) can be maximized by reducing the pinhole diameter (D) and increasing the 

propagation distance to the sample (L). These optimizations towards higher resolution lead to 

higher beam collimation which will give lower flux and require longer exposure times which 

extends the scan times.157,222 

The NCT of the modified Swagelok cell was carried out on IMAT177 at ISIS neutron and muon 

source, achieving a pixel size of 31.42 µm over a field of view 64.6 mm2 in ~5 hours depending 

on the contents on the Swagelok cell. Figure 6.1C, D, and E show orthoslices of NatLi/6Li, 

7Li/6Li, and NatLi/7Li symmetric cell respectively. Isotope pairing and cell materials 

experimentation are important as this ensures optimal sample structure for high spatiotemporal 

resolution. The body of the modified Swagelok cell consisted of metal shells of either Ti of SS 

coated with Polytetrafluoroethylene (PTFE) on the inside to maintain electrical insulation. 

PTFE is similar to PFA in terms of polymer structure and remains a very low attenuating 

material. The results from ISIS in Figure 6.1C, D, and E show that the best material for outer 

casing was the PTFE for its relatively low contrast, and the best pair of isotopes is NatLi and 

7Li, as NatLi is attenuating to neutrons while 7Li is not. 6Li is highly attenuating, but so much 

so that it requires higher exposure times to get sufficient counts for imaging and therefore leads 

to longer scan times. With the insight from the experimental results shown in Figure 6.1, a 

further iteration of the optimal cell for high spatiotemporal resolution operando cycling of SSBs 

was developed. This redesign was titled the Solid-state Operando Neutron and X-ray cell or 

SONX cell for short.  
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Figure 6.2 - Schematic of the solid-state operando neutron and X-ray (SONX) cell design. A) 

shows a rendering of the SONX cell mounted on the stage of NeXT, ILL, France. B) is a zoomed 

in view of the SONX cell with a cross-section showing the internal structure of the SONX cell. 

C) shows a sketch of the SONX cell mounted with the NeXT detector, showing the path of the 

neutrons and the magnitudes of the cell design. D) an enlarged cutaway view of the cell. 

 

The design was inspired by the PEEK In situ Press cell (PIP) to reduce precycling defects and 

develop more reliable cells. To achieve the highest resolution, easy installation, and solid-state 

electrochemical operation; the new cell had to address the following design criteria: 

• To reduce the neutron attenuation the design avoids having H in the cell, fluorinated 

polymers utilized in previous studies was used as material that would be electrically 

insulative.105  

• In neutron imaging, the distance from the center of the cell to the detector is minimized 

to reduce the image blurring due to the penumbra effect and achieve clear high-

resolution images.223  
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• Due to the low strength of fluorinated polymers, ceramic pellet housings were 

manufactured to limit the deformation of the cells as they are pressed to 1000 N, 318 

MPa, to form solid electrolyte pellets.  

• Ti plungers were fitted with machined O-rings to further limit pre-cycling degradation 

and exposure to environment during experiment. 

With the SONX cell design, both XCT and NCT experiments for SSB can be optimized for 

low pre-cycling defects and high spatiotemporal resolution to better explore the early stages of 

degradation in SSBs.  

 

6.3  Ex situ Experiment 

The SONX cell was utilized in an ex situ experiment utilizing a NatLi | Li6PS5Cl | 7Li symmetric 

cell architecture and observing the degradation of plating NatLi onto 7Li until a short circuit 

occurs.  
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Figure 6.3 - Ex situ analysis of NatLi | Li6PS5Cl | 7Li symmetric cell. A) shows the Nyquist plot 

with the initial impedance of the cell, B) shows the result of galvanostatic cycling at 0.3 mA 

cm-2 and the cell shorting after ~8 hours of plating NatLi onto 7Li, C) 3D rendering of a pristine 

neutron tomography, and D) 3D rendering of a shorted cell after the galvanostatic cycling 

protocol in B). The voxels that are more green are higher attenuating while the voxels that are 

less attenuating are lighter blue. 

 

Figure 6.3A shows the initial impedance of the cell that was shorted, Figure 6.3B shows the 

voltage response of the cell after plating for 30 hours at a current density of 0.3 mA cm-2 with 

a noticeable reduction of resistance around 8 hours into the test and a noisy recovery later on, 

indicating a possible internal short circuit. Figure 6.3C and D show neutron tomograms of a 

pristine cell and the shorted cell, respectively, showing that 7Li appears completely transparent 

while NatLi attenuates strongly, with the highest contrast in the cell (green). These tomograms 

were gathered on the neutron instrument NeXT176 at the Institute Laue Langevin, France.  Here 

and in the operando study, the tomograms required 5 hrs of acquisition, and the configuration 

achieves ~ 4 µm pixel size over the field of view that covered the entire SONX cell.  Figure 
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6.3D shows that a large structure of NatLi penetrated the Li6PS5Cl pellet and eventually shorted 

the cell. There is also a noticeable heterogeneity in the contrast of the Li6PS5Cl pellet (patchy 

blue areas throughout the volume), suggesting a high contrast material such as NatLi is unevenly 

distributed, which could be caused by heterogeneous current density throughout the area of the 

pellet.  

To analyse the mechanical degradation in higher spatial resolution, XCT was performed on the 

shorted cell. This XCT volume was aligned with the NCT volume to compare a higher 

resolution image of the NatLi protrusion through the Li6PS5Cl pellet.  

 

 

Figure 6.4 - Cross-sectional slice in XY plane comparing post-mortem NCT (A) and XCT (B) 

of an observed defect. The red arrows in B) highlight cracks that are not visible in the NCT. 

 

Figure 6.4A and B show cross-sectional slices of the NCT and XCT tomograms, respectively. 

Figure 6.4A shows the NatLi as bright pixels, where the same structure appears as a low density 

(dark grey) region in Figure 6.4B. Figure 6.4A also shows a low attenuating region near the 
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center of the cell which does not appear in Figure 6.4B, this indicates a variation that X-rays 

are not sensitive to (such as NatLi concentration) or the dark area is a reconstruction artefact in 

the NCT. The red arrows in Figure 6.4B also show that smaller fractures are formed around the 

large defect area, a detail not picked up in NCT. The XCT performed on the shorted cell (post-

mortem XCT) was done 2 weeks after the NCT which gave the Li and Li6PS5Cl pellet plenty 

of time to react with one another, this created challenges in correlating the data sets, while also 

giving a unique view of Li6PS5Cl and Li after being in contact for a prolonged period.   

 

 

Figure 6.5 – Post-mortem XCT of ex situ NatLi | Li6PS5Cl | 7Li symmetric cell after galvanostatic 

cycling at 0.3 mA cm-2. A) larger field of view XCT through the center of the cell showing 

severe degradation of the cell. B) High resolution image of an XCT slice showing a high 

porosity area (red circle) along with the main defect of the cell (blue circle) and C) correlated 

neutron tomogram of the same region as in B), showing that the main defect and the high 

porosity area have a high concentration of NatLi.  

 

Figure 6.5 shows the vertical cross-sectional view of the entire NatLi | Li6PS5Cl | 7Li symmetric 

cell in both XCT and NCT, highlighting the extent of the degradation during electrochemical 

shorting and subsequent Li/Li6PS5Cl reaction. Figure 6.5A shows the entire cell, post-mortem, 

highlighting the large NatLi protrusion within the Li6PS5Cl pellet, as well as noticeable low-

density regions at both interfaces of the pellet and significant density variation in the Li metal 
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electrodes. The red box in Figure 6.5A also highlights some pellet bulging and cell wall defects, 

an indication that the cell casing of PTFE was too weak to properly form a Li6PS5Cl pellet, and 

this inspired the change to an Al2O3
 ceramic material being used for the cell casing in further 

studies. Figure 6.5B compares the XCT and NCT cross-sectional views in the same area. The 

interfaces between Li and Li6PS5Cl have deteriorated significantly (as observed in the XCT) 

which exemplifies a shortcoming of not carrying out correlated XCT and NCT simultaneously. 

The blue oval in Figure 6.5B shows the large NatLi protrusion within the pellet in both X-ray 

and neutron imaging while the red circle highlights an area within the bulk of the Li6PS5Cl 

pellet that appears to be a porous region in XCT but indicates a high concentration of NatLi in 

NCT. The presence of these localized high-neutron-attenuating areas could be an indication of 

either heterogeneous Li mobility, metallic Li plating within porous areas, or both.82,175,224 The 

SONX cell and the correlation of these cutting-edge imaging techniques are highly important 

for understanding degradation in SSBs but the ex situ nature of this experiment was limiting in 

observing such dynamic systems. The takeaways from this ex situ study were utilized to push 

this experiment towards operando conditions.  

 

6.4  Operando Experiment 

To take advantage of the SONX cell setup, a higher spatiotemporal resolution experiment was 

conducted to study the earliest stages of the dynamic degradation within the NatLi | Li6PS5Cl | 

7Li symmetric cell. XCT was performed at the beginning and end of the electrochemical plating 

while NCT was performed at various points throughout the experiment. 
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Figure 6.6 - Galvanostatic cycling profiles obtained during the operando experiment at NeXT. 

The colours show the various current densities at which plating of NatLi was plated onto 7Li in 

the NatLi | Li6PS5Cl | 7Li symmetric cell. A majority of the current density steps show unstable 

voltage due to changes in resistance during cell operation. The NatLi | Li6PS5Cl | 7Li symmetric 

cell was tested from 0.1 mA cm-2 to 9.0 mA cm-2. 

 

Figure 6.6 shows the voltage response of the constant current plating of NatLi onto 7Li at the 

various current densities tested. The electrochemical plating was conducted with a Gamry 

Instruments Reference 600+ at room temperature, without application of constant external 

pressure applied during cycling. Chronopotentiometry was performed in 60 min intervals at 

the given current densities, plating NatLi onto the 7Li electrode. The voltage response shows an 

unstable resistance during each plating step, with no evidence of a complete electrochemical 

short circuit during the experiment up to 9.0 mA cm-2. 
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Figure 6.7 - NCT results from operando plating experiment. A) shows a vertical cross-section 

to highlight the various components of the NatLi | Li6PS5Cl | 7Li symmetric cell and horizontal 

cross-sections at the 7Li interface after various galvanostatic plating steps of increasing 

current densities from 0.3 mA cm-2 to 9.0 mA cm-2. B) shows the difference of the horizontal 

cross-sections compared to the pristine cross-section, highlighting the increase in contrast 

from the increased presence of NatLi. C) shows the difference of the horizontal cross-sections 

at each current density minus the step before, highlighting the restructuring behaviour of the 

contrast which alludes to the way NatLi is distributed at the interface.  

 

Figure 6.7 displays multiple slices from the high spatiotemporal resolution NCT experiment 

and corresponding horizontal cross-sectional contrast difference maps; the high-attenuating 
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material appears as lighter grey. Figure 6.7A shows a horizontal cross-section of the 7Li/ 

Li6PS5Cl interface after the various plating steps had completed and a vertical cross-section 

highlighting the interface placement in the NatLi | Li6PS5Cl | 7Li symmetric cell (orange line in 

Figure 6.7A). Figure 6.7B shows the 7Li/ Li6PS5Cl interface difference maps, relative to the 

pristine tomography, showing the general increase in contrast at the interface due to the 

addition of the high neutron attenuating NatLi during the electrochemical plating. Figure 6.7C 

shows difference maps at the same interface as in Figure 6.7B but change is shown relative to 

the previous step rather than relative to the pristine state, exemplifying the addition and 

restructuring of NatLi during the various plating steps. This level of spatiotemporal resolution 

enables the monitoring of the plating process in fine detail, allowing for the further analysis 

and quantification of NatLi movement to the 7Li electrode. 

  

 

Figure 6.8 - Quantification of the amount of high contrast material (NatLi) introduced to the 7Li 

electrode volume. A) shows a cross-section of the segmented high contrast material from NCT 

and the increase presence with increased plating. B) shows how much NatLi that should 

theoretically be moved to the 7Li electrode based on the current densities (black) and the 

segmented volume of high contrast material introduced to the 7Li electrode volume over time 

(blue).  
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Figure 6.8A displays a vertical cross-section of the 7Li electrode volume with the high contrast 

material segmented in blue. Interestingly, the NatLi is built up on the top, which is the 7Li/ 

Li6PS5Cl interface (highlighted with green arrow), but also on the edges and bottom of the 7Li 

electrode (highlighted with blue arrow). A possible explanation for the distribution of NatLi 

around the 7Li electrode, rather than uniform interfacial plating, is the fixed volume constraint 

between the Li6PS5Cl pellet and the current collector. This spatial limitation may cause the 

NatLi to either plate and induce mechanical displacement through the SE or redistribute around 

the 7Li electrode as additional NatLi is deposited. The volume of high contrast material increases 

as more NatLi is plated onto the 7Li electrode as expected, but the grayscale volume change is 

different than anticipated. As shown in Figure 6.8B, the trend of total grayscale change is linear 

while the theoretical volume of NatLi moved should be exponential given the plating protocol. 

This discrepancy in the trends of theoretical Li volume and grayscale change could mean that 

the constant current plating is not transporting as much NatLi as expected based on calculation 

or there is additional material contributing to the high neutron attenuating material such as 

impurities/side reaction. 
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Figure 6.9 - Grayscale profiles throughout the depth and volume of the NatLi | Li6PS5Cl | 7Li 

symmetric cell, normalized against pristine NCT, showing the depth profile as a distance from 

the NatLi electrode. The various components are highlighted, and the different current density 

steps are shown in different colour lines. Positive ΔGrayscale levels indicate an increase in 
NatLi concentration compared to the pristine material, which occurs in both the 7Li electrode 

and the SE pellet after progressive plating. 

 

Figure 6.9 shows the grayscale values of each slice of the tomogram through the depth of the 

NatLi | Li6PS5Cl | 7Li symmetric cell sample, normalised to the pristine value. the grayscale 

profiles are the summations of voxels throughout the depth of the cell. The profiles in Figure 

6.9 are relative to the grayscale values in the pristine tomogram and labelled as a distance from 

the beginning of the NatLi electrode. This provides an interesting overview of Li mobility 

throughout the cell, showcasing the stripping of NatLi from the NatLi/ Li6PS5Cl interface and 

subsequent plating into the 7Li electrode. The trends show a clear reduction of contrast near the 

NatLi interface and an increase in contrast at various depths in the 7Li electrode. Another 

interesting feature is the increase of relative grayscale value of the Li6PS5Cl pellet upon 
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continued plating. The presence of additional NatLi within the SE of pellet suggests that NatLi is 

accumulating in the porosity of the SE, rather than incorporating into the Li6PS5Cl crystal 

structure, which already contains NatLi. This could be due to NatLi plating into nanopores that 

are unresolved at this imaging resolution.   

 

 

Figure 6.10 - Correlated NCT and XCT datasets of the operando plating experiment. A) shows 

a vertical cross-section of the XCT and NCT datasets and highlights the NatLi interface (blue) 

and 7Li interface (red). B) shows the horizontal cross-sections of the 7Li interface with XCT 

and NCT before and after the operando experiment. C) shows the horizontal cross-sections of 

the NatLi interface with XCT and NCT before and after the operando experiment. 

 

To better understand the degradation at the two interfaces in the symmetric cell, the 7Li/ 

Li6PS5Cl and NatLi/ Li6PS5Cl interfaces were isolated and examined with correlated XCT and 

NCT orthoslices, as shown in Figure 6.10. Figure 6.10A shows the vertical cross-section of the 

NatLi | Li6PS5Cl | 7Li symmetric cell with X-ray and neutron imaging while Figure 6.10B and 

Figure 6.10C show correlated horizontal cross-sections of the 7Li/ Li6PS5Cl and NatLi/ Li6PS5Cl 

interfaces, respectively. Figure 6.10B and Figure 6.10C show the interfaces before and after 

the total electrochemical plating of the experiment, both with X-ray and neutron imaging. At 

the 7Li interphase, more highly-neutron-attenuating NatLi is introduced via plating, which is 
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apparent with the increase in brightness in the “After” NCT compared to the “Before” in Figure 

6.10B. The accompanying XCT slices in Figure 6.10B also show the introduction of various 

low-density defects (voids or pits, example shown by red arrow) forming which are possibly 

the result of Li pushing into the Li6PS5Cl pellet and the earliest sign of dendrite formation.90 

At the NatLi interphase, NatLi is striped from the NatLi electrode during each of the 

electrochemical steps in this experiment. Figure 6.10C shows the NatLi interphase before and 

after the experiment, allowing the observation of changes in the NatLi electrode structure (such 

as void formation) with variations in the contrast. The XCT slices in Figure 6.10C do not show 

signs of voids in the Li6PS5Cl pellet as in Figure 6.10B. The NCT slices in Figure 6.10C show 

low contrast spots (voids in the NatLi, example shown with blue arrows) on the interface of the 

NatLi electrode which change after the plating, this is believed to be NatLi forming and filling 

voids during the experiment as hypothesized in other literature.80 Figure 6.9 showcases features 

that support both the observations in the correlated interface slices of Figure 6.10B and C, 

mainly the significant decrease in greyscale value at the NatLi electrode supporting the 

hypothesis that voids are forming in the NatLi upon continued striping as observed in other 

works80,81,83 and the small decreases in greyscale at the 7Li electrode which could be the 

formation of defects in the Li6PS5Cl pellet which are later filled with Li, causing the initiation 

of Li dendrites.90,91       

 

6.5  Conclusions 

This work showcases the advancements in correlated X-ray and neutron computed tomography, 

utilizing the capabilities of each technique together for studying the degradation of a Li6PS5Cl-

based solid-state cell. With the bespoke cell holder designed for this project, the Solid-state 

Operando Neutron and X-ray (SONX) cell, this experiment pushed the boundaries of 

spatiotemporal resolution in a 4D operando correlated X-ray computed tomography (XCT) and 
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neutron computed tomography (NCT) analysis of the earliest stages of degradation in a NatLi | 

Li6PS5Cl | 7Li symmetric cell. The strengths of both techniques were utilized to probe the entire 

volume of the cell during operation, focusing on plating of the high neutron attenuating NatLi 

onto the low neutron attenuating 7Li electrode. XCT was more sensitive to the structural defeats 

that required higher resolution than what could be achieved with NCT that occurred during the 

electrochemical plating and NCT was sensitive to presence and isotope of the Li throughout 

the volume of the solid-state cell. It was observed that the interphase of the stripped electrode 

loses Li and forms a changing layout of voids, while the interphase of the electrode subject to 

additional Li plating formed defects in the Li6PS5Cl. Thoughtful cell design limited the pre-

cycling defects in this solid-state cell, and the high spatiotemporal resolution aids in observing 

the structural changes within a few microns during various electrochemical processes. This 

work addresses some key challenges of degradation characterization in operational solid-state 

batteries (SSBs) and stands as a guide for further development in full-volume high 

spatiotemporal resolution correlated XCT/NCT operando experiments.  
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7  Conclusions and Future Work 

This work demonstrated a comprehensive, multimodal approach for investigating degradation 

in Li| Li6PS5Cl |Li symmetric SSBs, through the development and application of advanced 

operando cell designs and high-resolution X-ray and neutron imaging techniques. This work 

highlighted the key challenges of manufacturing SSBs for these characterization techniques 

and provided practical insights to inform the design of more reliable future cell architectures. 

Producing SSBs that were free of defects from the beginning proved difficult, and having a 

pristine baseline is important for a representative experiment. In situ pellet formation and 

simultaneous observation with X-ray Computed Tomography (XCT) led to SE pellet 

production with no pre-cycling defects and inspired the design of an in situ pellet press-based 

cell design. 

Chapter 4 introduced the PEEK in situ Press (PIP) cell, which enabled operando XCT at high 

spatiotemporal resolution, allowing investigation of early-stage defect formation and full-

volume degradation analysis in an electrochemically operating environment. Having the full-

volume view provided substantial statistics and allowed for degradation analysis of the full SE 

environment. Data gathered during the nucleation of defects provided a clearer view of what 

conditions caused the faults observed. Cracks formed in the Li6PS5Cl SE pellet during the 

plating and stripping of Li within the Li| Li6PS5Cl |Li symmetric cell at various current 

densities, a majority forming at the Li/Li6PS5Cl interface. These cracks were more horizontally 

traveling and did not cause electrochemical failure of the symmetric cell which was cycled up 

to a rate of 9 mA cm-2.  

Through correlated XCT and X-ray Diffraction Computed Tomography (XRD-CT), the 

influence of pellet geometry and fabrication induced stresses on defect propagation and cell 

performance was revealed in Chapter 5. In 3 mm Li| Li6PS5Cl |Li symmetric Swagelok cells, 
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degradation was found to be highly localized at the Li/SE interfaces, with accompanying stress 

fields reaching magnitudes significantly exceeding the yield stress of Li. This concluded that 

Li would be strained enough at the interface to be pushed into the defects formed in the SE. 

However, as found in Chapter 4, the cracks formed in the PIP cell were parallel to the electrode 

surface. Therefore, if Li is pushed into the horizontally travelling tortuous defects, the cell 

remains operable as electrodes remain isolated. Furthermore, XRD-CT was performed on the 

Li/Li6PS5Cl interface of the PIP cell, showing that there is an additional residual compressive 

strain on the Li6PS5Cl lattice in the horizontal direction, likely originating from the pellet 

formation within the cell and leading to longer cell life. These correlated characterization 

methods provided direct quantification of stress fields and identified critical degradation 

pathways, offering a foundation for targeted defect mitigation strategies. 

In Chapter 6, a cell inspired by the PIP cell, the Solid-state Operando Neutron and X-ray 

(SONX) cell extended this analysis beyond X-rays, combining XCT and neutron computed 

tomography (NCT) to visualize Li movement during electrochemical plating which was 

correlated with the high-resolution morphological deformation imaging from XCT. This setup 

enabled unprecedented insights into Li transport, void formation, and interphase instability 

across the full cell volume, capturing features at high spatiotemporal resolutions for NCT. The 

movement of the high attenuating NatLi was traceable, and the plating onto the 7Li electrode 

was observable. The interface where Li was plated onto showed evidence of SE defects, as 

seen by XCT, and the interface where Li was stripped from showed void formation and change 

within the Li electrode, only visible to the NCT.  

These experimental advances have paved the way for future work in SSB degradation 

characterization. Further work should extend this methodology to other SE chemistries, such 

as other sulfide-based material, halides, or oxides. The combined information from these 
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correlated techniques will lead to a more thorough characterization of the SE failure 

mechanisms and therefore aid in solving degradation related issues that are impeding the 

release of these technologies to the market. More is now understood about the development of 

representative SSBs for high spatiotemporal resolution experiments, and the findings of 

combining multiple characterization techniques to study the same system was showcased 

successfully. More experimentation should be conducted in applying these techniques to 

additional characterization methods such as X-ray Fluorescence Computed Tomography 

(XRF-CT), which would provide 3D elemental sensitivity which could be helpful for 

understanding the effects of dopants, additives, or impurities in the SE on SSB performance. 

Aside from opening doors for future advanced experimental studies, there are opportunities in 

computational advancements to also be made from this work. The correlated techniques can 

also fortify each other’s effectiveness through the implementation of advanced algorithms. For 

example, the artificial intelligence based approach of up-scaling resolution of XCT 

tomography, where images are gathered at various field of views (FOVs) and the high 

resolution of the low FOV tomography is mapped onto the larger FOV.225–227 In the future, a 

similar approach could take these correlated XCT, NCT, and XRD-CT datasets and provide 

up-scaled resolution of the NCT and XRD-CT datasets, providing unprecedented resolution for 

these critical techniques that provide visualization of phase/strain mapping and the position of 

Li metal. When combined with SSB modelling, this multimodal framework provides a robust 

platform for understanding and predicting mechanical, chemical/electrochemical degradation 

in SSBs.69,91 These large, correlated datasets can serve as valuable inputs for next-generation 

simulations, improving both their accuracy and generalizability.  

In parallel with further utilizing these correlated characterization techniques, more 

development should be put into the data pipeline for integrating correlated XCT, NCT, and 
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XRD-CT datasets. Often processing and registering the various data sets is the largest energy 

barrier to adoption of these advanced techniques, therefore, the more effort put into 

streamlining this data processing will ultimately lead to more efficient innovation.  
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